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ABSTRACT 
 The effect of microstructure and processing parameters on the bend properties of wide 
gap braze repairs has been investigated for BNi-2 and BNi-5 filler metals. BNi-2 braze alloys 
developed a brittle eutectic constituent that was the source for crack initiation and propagation. 
BNi-5 braze alloys developed large pores and lack of fusion to the base metal René 108 that 
decreased the strength of the joint. Three types of crack behaviors were observed within the two 
braze alloys. (1) Crack initiation and propagation through the brittle eutectic constituent. (2) 
Crack initiation and propagation through the brittle eutectic constituent/ matrix interface. The 
crack would propagate through grain boundaries if the eutectic constituent was dispersed. (3) 
Crack propagation follows type 1 or type 2, but propagated due to a major defect and coalesced 
with the defect.  
 Braze alloy chemistry was improved by changing the filler metal-additive powder ratio. 
For the BNi-2 braze alloys, a mixing ratio of 40 wt.% BNi-2 produced the lowest volume percent 
of the brittle eutectic constituent. These alloys produced the highest strengths. A ratio of 50 wt.% 
BNi-2 produced the highest volume percent of the brittle eutectic constituent and the lowest 
strengths. For the BNi-5 braze alloys, 40 wt.% BNi-5 produced the highest volume percent of 
voids and therefore exhibited the lowest strengths. Sixty weight percent BNi-5 exhibited the 
lowest volume percent of voids and therefore exhibited the highest strengths.  
 Processing parameters were improved for the various stages in the brazing cycle by 
changing the time and temperature. The “brazing hold” was held at 1200°C or 1232°C for 10 
minutes. The bend strength and angular deflection increased when brazed at 1232°C for 10 
minutes. A brazing temperature of 1232°C improved the microstructure by reducing the amount 
of detrimental microstructural features. The “diffusion hold” parameters were held at 1100°C 
and 1121°C for 2 hours and 4 hours. The bend strength and angular defection increased with a 
“diffusion hold” temperature of 1121°C for both 2 hours and 4 hours. However, at 1100°C, there 
was an increase in strength and angular deflection with a “diffusion hold” of 2 hours but a 
decrease in strength when held for 4 hours.  
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CHAPTER 1 INTRODUCTION 
Nickel superalloys are known to have excellent corrosion resistance for high temperature 
applications. Superalloys are commonly used in gas turbines due to the hot corrosive gases that 
are passed through the turbine components. The formation of the gamma prime precipitates 
provides significant high temperature strength to nickel superalloys. When exposed to high 
temperatures and corrosive environments, cracks can initiate and propagate through these 
components.  
 In addition, cracks can also occur in gas turbine components as a result of damage from 
foreign objects, creep, and fatigue [1]. For example, there is more demand for electricity in the 
evening than during the day due to increased home consumption. This increased demand is met 
by the use of extra gas turbines that operate only in the evenings. The cycles of heating up (night 
time) and cooling down (day time) may cause turbine components such as blades, vanes, and 
nozzles to crack. This type of damage is called low-cycle fatigue. 
 Nickel superalloy components are expensive to make due to the cost of materials, 
complex microstructural design and processing, and precision machining of the parts. Due to 
cost efficiencies, repairing a damaged component is a more desirable alternative than 
replacement with a new component. Fusion welding repair processes would result in larger 
microstructural changes to the component outside the damage region. Brazing is a non-fusion 
joining process where only the braze alloy is melted, therefore brazing is a more viable repair 
method.  
 This study focused on the effects of braze alloy composition and brazing process 
parameters on the microstructure and mechanical properties of the brazed joint. By 
understanding how microstructure affects the mechanical properties, improvements can be made 
to the braze alloy composition or processing parameters to produce a repaired joint that performs 
satisfactorily after repair. More specifically, the main goals of the project were to: (1) 
characterize the microstructural features that form within the joint, (2) determine how braze 
cycle parameters affect microstructure, and (3) characterize the features that determine the 
mechanical properties of the brazed joint. 
 This study examined six innovative composite braze alloys. The braze alloys consisted 
each of a low melting temperature commercial braze alloy (BNi-2 or BNi-5) and a high melting 
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temperature superalloy powder (MAR-M 247). The low melting alloy varied between 40 and 60 
wt.%, in 10 wt.% increments. The BNi-2-MAR-M filler metals contained boron and silicon 
which are important in the activation diffusion healing process. The BNi-5-MAR-M filler metals 
contained only silicon. René 108 was the substrate used in this work. Brazing was conducted at 
various times and temperatures with brazing, diffusion and aging cycles to investigate the effects 
of processing parameters on microstructure and mechanical properties. Braze joints were 
characterized with light optical microscopy (LOM) and scanning electron microscopy (SEM), 
and the results are presented in Chapter 4. Results for the four-point bend testing of the brazed 
joints at room temperature and elevated temperature are also presented in Chapter 4. The 
mechanical properties and fracture behavior of the braze joints have been correlated with the 
microstructural characteristics of the eutectic constituents. 
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CHAPTER 2 BACKGROUND 
 This chapter will include information on superalloys, types of repairs, types of brazing 
repairs, and other background information relevant to the project.  
 
2.1 Superalloys 
 Superalloys are a class of materials that have the ability to maintain their mechanical 
properties at elevated temperatures, above 0.6 homologous temperature (Toperation/ melting). There 
are three desired characteristics of a superalloy: its ability to withstand loading at operating 
temperatures close to the melting point, its resistance to mechanical degradation, and its 
resistance to environmental corrosion [2, 3]. Examples of components built from superalloys 
include turbines, heat exchangers, and aerospace parts.  
 A superalloy class designates the main elemental constituent. The three major superalloy 
classes are: iron-based, nickel-based, and cobalt-based, though there are other classes that 
include titanium-based or even ceramic constituents [2, 4]. Ceramic constituents, despite their 
good creep- and oxidation-resistance, have low ductility and toughness and are therefore limited 
in where ceramics can be used. Titanium has good strength and fatigue resistance, and is often 
considered for light weight applications because of titanium has a low density [2]. The problem 
with titanium is that it has poor oxidation resistance and therefore cannot be used above 700°C 
[2]. For gas turbine application, where inlet gases can be much higher than 700°C, titanium 
components are restricted to cooler, light weight parts like fans and compressors [2]. Iron-based 
alloys are commonly used because it is less expensive than titanium or nickel. The issue with 
iron-based alloys is that they are limited to lower temperature applications [2, 3]. It is very 
difficult to form ' in iron-based superalloys and therefore cannot achieve the same ' volume 
fractions that help to increase the properties at elevated temperatures [3]. Iron has a greater 
tendency to form topologically close-packed (TCP) phases which are embrittling phases [3]. Iron 
also has a lower oxidation resistance than nickel which is undesirable in hot gas sections where 
the gases are corrosive. Cobalt-based superalloys are commonly used and have acceptable high 
temperature properties. However, there are two reasons why nickel is used rather than cobalt. 
First, nickel is less expensive than cobalt. The second reason has to deal with crystal structure.  
 Figure 2.1 shows the crystal structure of the transition metals. Elements in white have a 
BCC crystal structure. BCC metals, have a ductile/brittle transition meaning the toughness 
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decreases with decreasing temperature [2]. Elements in dark grey, like titanium and cobalt, have 
an HCP crystal structure. HCP metals are more commonly used in high temperature applications 
than BCC metals, but the transition from an FCC crystal structure to HCP crystal structure upon 
cooling and leads to a stress-induced lattice [2]. Nickel-based superalloys are desirable because 
nickel is a stable FCC phase from room temperature to the melting point. Therefore, upon 
cooling the crystal structure remains FCC and will not form a stress-induced lattice. FCC 
structures are both tough and ductile, which is desirable for high temperature applications [2]. 
Nickel is stable at elevated temperatures which helps to prevent thermally activated creep [2]. 
For these reasons, nickel is commonly used in high temperature, high strength components. 
 
Figure 2.1 Correlation of the crystal structures of the transition metals with position in 
the periodic table [2].  
 
2.1.1 Development of Nickel-base Superalloys 
Nickel-base superalloys have undergone development and enhancement throughout the 
years. For the manufacturing of turbine blades, the parts were initially wrought. For wrought 
nickel alloys, the volume fraction of ' determines the high temperature capability and the 
maximum volume fraction is about 45% [2, 4]. Later developments found that castings exhibited 
better mechanical performances than wrought blades because of the increased volume fraction of 
' which increased the high temperature capability [3]. Figure 2.2 introduces the cast turbine 
blades demonstrating the various microstructures. Figure 2.2a showed a turbine blade that was 
solidified with an equiaxed crystal structure. Ductility was also improved through casting as the 
chromium contents could be reduced. The oxidation resistance was however lowered and 
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therefore coatings would be required to protect these components [3]. A number of casting 
methods could change the solidification of superalloys which improved creep strength and 
ductility. Directionally solidified components improved creep strength and ductility due to the 
formation of columnar grains along the long axis of the turbine blade which is illustrated in 
Figure 2.2b [2, 3, 5, 6].  The additions of hafnium increased the transverse ductility in 
directionally solidified materials [3].  
 
 
Figure 2.2 Turbine blades in the (a) equiaxed, (b) columnar, and (c) single crystal form. 
Illustration from ref. [2]. 
 
The development of single crystal alloys has improved properties such as fatigue life, 
creep resistance, and increased solidus temperatures [2, 3]. Figure 2.2c demonstrates the single 
crystal microstructure. The use of single crystals (which do not exhibit any grain boundaries) has 
removed the need for grain boundary strengtheners such as boron and zirconium which can form 
brittle phases [3, 5]. Though single crystal blades have improved properties, they have not 
completely replaced the equiaxed or columnar grain blades due to the cost of single crystals. For 
the first few stages, single crystals are used because of the initial temperature of the gases. In 
later stages, when the gas temperature has lowered the blades are either in the equiaxed or 
columnar forms. Superalloys are also used as powders. These powders are spray atomized 
powders. The microstructure of these powders contain dendritic and cellular structures [7]. The 
cooling rate of these powders affected the spacing of the dendrite arms and the formation of fine 
precipitates which are MC carbides [7].  
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 Superalloys do not have a designation system like steels or aluminum alloys. Instead the 
name was determined by the creator of the alloy, such as the René series. Any compositional 
variations made upon that original superalloy will change the designation. For example, 
CMSX-2 and CMSX-6. Both superalloys contain similar elements and processing (that make 
them CMSX), but the composition varies slightly (identified by the -2 or -6). Table 2.2 shows the 
composition of first generation single crystal superalloys that are used for turbine blades. 
Table 2.1 Compositions (in weight percent) of first-generation single-crystal superalloys [2]. 
Alloy Cr  Co Mo W Al  Ti  Ta Nb V Hf  Ni 
Nasair 100 9.0 - 1.0 10.5 5.75 1.2 3.3 - - - Bal 
CMSX-2 8.0 4.6 0.6 8.0 5.6 1.0 6.0 - - - Bal 
CMSX-6 9.8 5.0 3.0 - 4.8 4.7 2.0 - - 0.1 Bal 
PWA 1480 10.0 5.0 - 4.0 5.0 1.5 12.0 - - - Bal 
SRR99 8.0 5.0 - 10.0 5.5 2.2 3.0 - - - Bal 
RR2000 10.0 15.0 3.0 - 5.5 4.0 - - 1.0 - Bal 
René N4 9.0 8.0 2.0 6.0 3.7 4.2 4.0 0.5 - - Bal 
AM1 7.8 6.5 2.0 5.7 5.2 1.1 7.9 - - - Bal 
AM3 8.0 5.5 2.25 5.0 6.0 2.0 3.5 - - - Bal 
TMS-6 9.2 - - 8.7 5.3 - 10.4 - - - Bal 
TMS-12 6.6 - - 12.8 5.2 - 7.7 - - - Bal 
 
2.1.2 Microstructure   
Nickel superalloys have a relatively simple microstructure that contains a matrix phase 
known as gamma ( ), a primary strengthening phase known as gamma prime ( '), carbides, and 
topologically close-packed (TCP) phases such as σ, µ, Laves, etc. Gamma is an austenitic (FCC) 
nickel matrix that is solid solution strengthened by heavier elements as described in the 
following discussion.   
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Superalloys are also precipitation strengthened by ', which is an ordered precipitate with 
a chemical composition represented by Ni3(Al,Ti,Nb) [2–4, 8, 9], [3–5, 8–12]. As temperature 
increases the flow stress of ’ increases [4]. Carbides can be beneficial or detrimental. For 
polycrystalline materials, carbides form along the grain boundaries which strengthens the 
material at high temperatures [3, 4]. TCP phases are typically detrimental to the mechanical 
properties and are avoided if possible. The elements that contribute to these phases are shown in 
Table 2.2 and the characteristics of these phases will be discussed in the following sections. 
 









Cr moderate moderate M23C6 and 
M7C3 
improves corrosion resistance; 
promotes TCP phases 
Mo high moderate M6C et MC increases density 
W high moderate  promotes TCP phases σ et µ 
(Mo,W) 
Ta high large   
Nb high large NbC promotes ' and δ phases 
Ti moderate very large TiC Al improves oxidation resistance 
Al  moderate very large   
Fe  '-> , , '', δ  decreases oxidation resistance; 
promotes TCP phases σ, Laves 
Co slight moderate in 
some alloys 
 raises solidus; may raise or lower 
solvus 
Re moderate   retards coarsening;  
increases misfit 
C moderate  carbides  
B,Zr moderate   inhibit carbide coarsening; 
improve grain boundary 
strength; improve creep strength 
and ductility 
 
2.1.2.1 Gamma Phase 
 Gamma ( ) is a desirable phase because of its ductility and toughness. Face-centered-
cubic (FCC) structures have a lower diffusivity compared to body-centered-cubic (BCC) 
structures, due to the FCC close packed structure, which leads to stability at high temperatures 
[8]. Gamma ( ) is solid solution strengthened through the use of substitutional solid solution [3, 
4, 11]. Nickel superalloys contain many alloying elements that contribute to different behaviors 
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which are summarized in Table 2.2. Elements such as nickel, cobalt, iron, chromium, ruthenium, 
molybdenum, rhenium, and tungsten contribute strength to the gamma phase ( ) [2–5]. Carbon 
can contribute to , but often forms carbides. Elements that highly affect gamma strengthening 
are high melting point elements, such as molybdenum, tungsten, tantalum, and niobium as listed 
in Table 2.2 [3, 10]. Molybdenum and tungsten have large atomic size for solid solution 
strengtheners and therefore reduce diffusion at elevated temperatures [3].  There are only two 
elements that raise the solidus temperature in nickel alloys, cobalt and tungsten [3]. Chromium 
and aluminum provide corrosion resistance, though aluminum contributes more to the formation 
of ' [Ni3(Al,Ti,Nb)] than  [3]. Molybdenum, tungsten, chromium, and aluminum can form 
short range clusters that strengthen , but this effect weakens above 0.θTm [3]. Though 
molybdenum, tungsten, and chromium increase the strength and corrosion resistance of the  
phase, too much will result in the formation of deleterious topologically close-packed (TCP) 
phases, which are highly brittle [3, 10]. 
  
2.1.2.2 Gamma Prime 
 Elements such as aluminum, titanium, and niobium form the Ni3(Al, Ti, Nb) phase which 
is known as gamma prime ( '). A summary of the elemental contributions to gamma prime is 
shown in Table 2.2. Aluminum, titanium, and niobium can be used to form ’, however, niobium 
contributes more to solid solution strengthening [2, 3, 11]. In titanium single crystals, ’ can be 
Ni3Ta, where tantalum replaces some of the aluminum/titanium sites [3]. Cobalt and 
molybdenum indirectly affects strengthening by modifying the solubility of ' which raises the 
solidus temperature [3, 13, 14]. A higher solidus temperature can lead to higher volume fractions 
of ' at low [3].  Volume fraction of ' has increased during the development of superalloys due 
to the enhanced mechanical properties. Wrought superalloys form 40-4η% ' as a maximum. 
Cast alloys are able to get higher volume fractions of ' and single crystal alloys can form 
70-80% ', which is about the maximum amount of ' that is practical. The remaining 20-30% 
contains mostly -nickel and can contain small amounts of carbides. Higher ' will decrease 
strength [3].  




Figure 2.4 Schematic of the anti-phase boundary. The image on the left shows the ABABABAB 
stacking. The schematic on the left shows the ABABBABA stacking. The formation 
of BB is the APB circled in green. 
 
The ' precipitate plays a significant role in strength of the nickel-base superalloys, 
because in high temperature applications, precipitate strengthening is more vital than solid 
solution strengthening. The ' phase is a primitive cubic, L12, ordered phase. Aluminum atoms 
are on the corner sites and nickel atoms are on the face center sites as illustrated in Figure 2.3. 
The precipitates are coherent throughout the -matrix which creates stability between the two 




Gamma prime ( ') crystal structure. The blue spheres that reside at the corners are 
aluminum atoms and the gray spheres that reside at the face centers are nickel 
atoms.  
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with increasing temperature [4, 5, 11, 15]. This property allows for nickel-based superalloys to 
have acceptable mechanical properties at higher temperatures. The precipitates are ductile which 
allows for increases in strength without lowering fracture toughness [4]. 
 
 
 An important defect that occurs in nickel-based superalloys is the anti-phase boundary 
(APB). Anti-phase boundaries are a planar defect where the crystallographic direction is the 
same, but the stacking sequence is different. For a stacking of ABABABAB, an APB would look 
like ABABBABA as shown in Figure 2.4. The APB forms when a dislocation moves with a 
Burgers vector not equal to the lattice vector in an L12 structure [2, 3, 8, 14, 15]. When the 
 
Figure 2.5 Schematic illustrating the gamma prime precipitate morphology during aging. 
Left: projection along <111>. Right: projection along <001>. Schematic from ref. 
[2]. 
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dislocation moves through the L12 structure, it causes the atom to shift and form an unfavorable 
bond which increases the energy of the system [8]. The dislocation creates the APB. A second 
dislocation of the same Burgers vector is then required to return the structure to the correct atom 
position and destroy the APB.  Therefore, dislocations are required to move in pairs in order to 
shear through ' precipitates [2, 8, 9]. Shearing is possible for low volume fractions of ' and fine 
precipitates [3]. For large volume fractions, dislocations often bow around the precipitates [3]. 
 Gamma prime undergoes a morphology change with aging. Figure 2.5 illustrates the 
development of ' morphologies. As small precipitates, the shape is spherical to reduce the 
surface energy. As coherent precipitates, the shape will be cubic to allow for the crystallographic 
planes to be continuous [4]. Gamma prime then forms an array of cubes and finally solid-state 
dendrites [2]. Coarsening of ' precipitates decreases the amount of coherency and increases the 
lattice misfit [2]. Strengthening occurs during particle coarsening due to the creation of more 
APBs [9]. In the presence of larger ' precipitates, Orowan looping occurs [9].  It is important to 
know the morphologies of ' for characterization purposes.  
 
2.1.2.3 Carbides and Borides 
 Carbon combines with titanium, tantalum, and hafnium to create MC carbides [2]. MC 
carbides tend to precipitate at high temperatures from the liquid phase.  While in service, MC 
carbides can decompose to form M23C6 or M6C carbides [2, 11]. Chromium, molybdenum, and 
tungsten will form M23C6 and M6C carbides which tend to form within the -grain boundaries 
[2–5, 11]. M23C6 and M6C carbides tend to form at lower temperatures (around 750°C) [2]. Like 
the ' precipitates, carbides increase the elevated temperature creep properties of superalloys. 
Boron combines with chromium or molybdenum to form borides within the -grain boundaries. 
Borides are brittle phases, but also increase the elevated temperature creep properties of 
superalloys [2]. Since carbides and borides are grain boundary strengtheners, carbon and boron 
are often added at higher levels in cast components than single crystals which do not rely on 
grain boundary strengthening [2, 3].  
 
2.1.2.4 Topological Closed-Packed Phases   
 Excessive amounts of chromium, molybdenum, tungsten, and rhenium promote the 
formation of topological closed-packed (TCP) phases such as: µ, σ, δ, etc. [2, 3]. These phases 
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typically have the chemical formula AxBy, where A and B are transition metals. An example is 
the µ phase which has the stoichiometry A6B7 such as W6Co7 or Mo6Co7 [2]. TCP phases are not 
FCC crystal structures, in fact, µ phase has a rhombohedral cell and σ phase, a tetragonal cell [2]. 
TCP phases are typically detrimental to mechanical properties and are avoided if possible. 
Alloying elements from the -matrix tends to segregate to the TCP phases causing embrittlement 
and reducing corrosion resistance [11]. 
 
  
Figure 2.6 Comparison of eutectic morphologies observed in a scanning electron 
microscope for gas tungsten arc weld specimens: (a) Fe-Ni alloy exhibiting 
elongated islands with eutectic, (b) Fe-base alloy showing a eutectic morphology 
that is an example of the σ phase, (c) Ni-base alloy with a distinct eutectic 
appearance involving blocky intermetallic islands in a -matrix which 
demonstrates the P phase [10, 16]. 
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 Mu (µ) phase is detrimental because it forms intergranular precipitates that are 
embrittling because of their complex crystal structure [3, 11]. The presence of µ reduces the 
ductility of the superalloy. Sigma (σ) phase is deleterious because σ forms brittle plates or 
needles which aid in crack initiation [3, 11]. Delta (δ) phase is undesirable because it is 
incoherent with the -matrix [11]. TCP phases are stabilized by the enrichment of molybdenum 
and tungsten [11]. These phases reduce the chromium and molybdenum concentrations from the 
-matrix which reduces the corrosion resistance of the superalloy [11]. Figure 2.6 shows an 
example of σ and P phases that form within the interdendritic regions. These phases are 
associated with eutectic-like reactions and form due to the liquid enrichment of chromium [11].  
These microstructures are somewhat similar to a eutectic phase that formed within the BNi-2 
alloys within this research.  
 
2.1.2.5 René 108 
 René 108 is used as base substrate in this study. The chemical composition of René 108 
is shown in Table 2.3 [16]. The solidus and liquidus temperature of René 108 is 1126°C and 
1496°C, respectively [17]. René 108 has an equiaxed microstructure with -nickel grains, -
nickel dendrites, / ' eutectic, and ' precipitates as shown in Figure 2.7 [17]. When cooling the 
cast René 108 alloy, the ' volume fraction changes. Increasing the cooling rate decreases the ' 





SEM micrograph of a typical dendrite microstructure of René 108. (A) -nickel 
dendrite, (B) interdendritic / ' eutectic, (C) porosity [18]. 
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Table 2.3 Chemical composition of René 108 in weight percent [17]. 
Element Cr  Co Mo W Ta Al  Ti  Hf  Ni 
wt.% 8.4 9.5 0.5 9.5 3 5.5 0.7 1.5 Bal. 
 
2.2 Repair Methods 
 There are three main types of damage that gas turbine components can sustain: (i) 
corrosion attack, (ii) foreign-object damage, and (iii) low-cycle fatigue. The hot gases that are 
passed through the turbine buckets contain sulfur, sodium, potassium, vanadium, lead, and 
molybdenum, and are at temperatures as high as 1900°C [18, 19]. Corrosion attack on the surface 
of these components occurs from oxidation and sulphidation caused by the hot gases. If there are 
solid particles in the hot gas, these particles can erode the surface [20, 21]. Blades, for example, 
have a protective coating. If erosion is detected early on and only the coating was attacked, the 
blade surfaces can be cleaned and apply a new coating. Foreign-object damage occurs, for 
example, when a piece of a blade is broken off and is carried down to the different stages. That 
broken off piece can cause further damage to downstream components [20, 22]. Low-cycle 
fatigue is caused by changes in temperature and the size of the temperature gradients [20]. For 
example, peak hours require extra generators to turn on (heat up) and are turned off during off-
peak hours (cooled down).  The cycle of heating up and cooling down causes extra thermal 
stresses on components which can lead to cracking. Cracks can be wider than 1 mm. An example 
of a cracked turbine nozzle is shown in Figure 2.8. 
 
 
Figure 2.8 1.5 mm wide crack on the sidewalls of an industrial gas turbine nozzle segment 
[23]. 
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2.2.1 Welding Repairs 
 Welding repairs on gas turbine components can be limited due to microstructural 
limitations and high-stressed regions in gas turbine components [23, 24]. Common defects found 
when welding superalloys are: solidification cracking, grain boundary liquation cracking, and 
strain age cracking [21, 25]. Solidification cracking can be controlled through the welding 
parameters and easily avoided [25]. Weld repairs on nickel-based superalloys are highly 
susceptible to heat affected zone (HAZ) micro-acking due to the liquation of ' as seen in 
Figure 2.9 [23, 25–30]. The partial dissolution of ' into the matrix forms a eutectic constituent 
that is susceptible to cracking [25, 26] Higher amounts of cracks propagate with larger ' volume 
fractions. This leads to a higher chance of blade failure due to crack growth. Though the 
dissolution of ' is concerning, it is not the largest limiting factor. Weld filler metals are the 
limiting factor in blade repair due to a lower creep resistance than the base material [20]. The 
low creep resistance of the filler metal limits the weld repair to low-stressed regions. Finally, if a 
weld repair is being made, the cost of repair must be lower than replacement of the component. 
 
 
Figure 2.9 Simulated HAZ microstructure showing a crack propagating through a thin liquid 
film of - ' [27]. 
 
2.2.2 Brazing Repairs 
Braze repairs are commonly used for nickel-based superalloys for many reasons. First, 
brazing does not promote cracks like welding does because there is no dissolution of the 
precipitate strengtheners [20, 1]. Less distortion is exhibited in braze joints than welding joints 
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because of the non-fusion process. Second, superalloys have a high affinity to oxidize, and by 
brazing, oxidation can be prevented by the use of a vacuum chamber or inert atmospheres [20, 1, 
31]. Finally, brazing allows for the joining of dissimilar materials, such as metal to ceramic [1]. 
Braze alloys have better corrosion resistance and high temperature creep resistance due to the 
tailored compositions of braze alloys [20]. 
 The brazing quality can be defined by the ability of the braze alloy to wet to the base 
metal. This characteristic can be explained with a metal droplet on a solid, flat surface as shown 
in Figure 2.10. The liquid will spread over the solid surface until three surface tensions are in 
equilibrium: the surface tension between liquid and solid ( SL), the liquid and vapor/atmosphere 
( LV), and the solid and vapor/atmosphere ( SV) [1, 31]. The equilibrium force balance is shown 
in Equation 2.1. 
 
 
Figure 2.10 Schematic demonstrating the wettability of a liquid droplet on a solid substrate. 
The droplet stops spreading when all three surface tensions are in equilibrium 
[1].  
 ��� = ��� − ��� cos � Equation 2.1 
 
The desired wetting characteristic can be determined by the contact angle. A contact angle < 90° 
corresponds to SV > SL which promotes the liquid droplet to spread on the solid surface [1, 31]. 
If the contact angle is 90° <  < 180°, some wetting occurs, but there is no spreading of the liquid 
droplet. 
 In brazing, to improve the wetting and spreading characteristics, the substrate must be 
clean and smooth. Oxides on the surface of the substrate can deter wetting of a filler metal. 
Similarly, if the substrate is too rough, the liquid droplet cannot spread easily. The wettability of 
a filler metal can also be determined by the gap width. With a narrow gap (< 100 μm), the liquid 
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filler metal wets to the substrate and fills the joint through capillary action [1, 31]. With a wide 
gap (> η00μm), capillary action is not the driving force for filling a joint [31]. 
 
2.2.3 Transient Liquid Phase Bonding 
  Transient liquid phase (TLP) bonding is a widely used joining process because the 
process can repair complex joints without external pressure required to create a bond [21, 24, 28, 
29, 32, 33]. TLP bonding is able to join surfaces that are mildly oxidized due to the liquid filler 
metal which can break the oxide layer [28, 32, 34]. Elemental diffusion creates compositional 
changes that increase the melting temperature of the joint through the use of isothermal 
solidification [34]. Through isothermal solidification, the microstructure and mechanical 
properties can produce similar microstructures as the base substrate [21, 24, 28, 34, 35]. 
Transient liquid phase (TLP) bonding utilizes a low melting temperature braze that contains a 
melting point depressant, such as boron or silicon, which lowers the melting temperature of the 
filler metal. During the brazing process, the melting point depressants diffuse out of the filler 
metal, thereby increasing the melting temperature of the filler metal, and diffuse into the 
substrate. The TLP process consists of 6 stages which are illustrated in Figure 2.11.   
 
2.2.3.1 Transient Liquid Phase Bonding Process 
 The first stage, labeled (a), is the initial condition with the initial liquid filler metal 
applied to the substrate. The second stage, labeled (b), is substrate dissolution. During this stage, 
partial substrate dissolution changes the liquid composition to the liquidus composition (CL). 
When the solidus composition (Cs) becomes adjacent to the liquidus composition (CL), local 
equilibrium is reached and dilution of the substrate is complete [24, 28, 34, 36]. The second stage 
is beneficial because it can enhance the alloying of the brazed welds, thereby improving 
mechanical properties [37]. The third stage, labeled (c), is isothermal solidification. During this 
stage, melting point depressants diffuse out of the filler metal and begin to diffuse into the solid 
substrate. As melting point depressants diffuse out of the filler metal, the melting temperature 
increases, thereby reducing the amount of liquid [24, 28, 34–36]. This stage requires long range 
diffusion and therefore takes a longer time to complete than substrate dissolution [34]. The 
fourth stage, labeled (d), is the completion of isothermal solidification. During the fourth stage, a 
sufficient amount of time was given in order for the long range diffusion of the melting point 
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depressants to diffuse into the substrate where the filler metal is completely solid [24, 28, 34]. 
The time it takes to achieve isothermal solidification is completely system dependent that varies 
with composition [24, 34]. The fifth stage, labeled (e), is solid state homogenization. During 
stage five, centerline concentration of the filler metal must be reduced to avoid precipitation of 
undesired phases [24, 34]. This stage also required long range diffusion of the melting point 
depressants so that the final composition is below the solidus composition (Cs). During the fifth 
stage, it is common for undesired second phases to form such as a centerline eutectic. The final 
stage, labeled (f), is the final condition where the final composition is lower than the room 





(a) Initial condition; (b) dissolution; (c) isothermal solidification; (d) completion 
of isothermal solidification; (e) solid state homogenization; (f) final condition 
[36].  
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2.2.3.2 Transient Liquid Phase Bonding Microstructure 
 TLP bonding is attractive because the resulting microstructure is similar to the base 
substrate due to isothermal solidification [23, 24, 27, 28, 36, 38–40]. The amount of melting 
point depressants plays an important role in isothermal solidification. In order for a bond to form 
a homogeneous microstructure, the composition must be similar to the base metal [24]. 
Tuah-Poku investigated the effects of a pure filler metal on the TLP bonding of an Ag/Cu/Ag 
sandwich. Tuah-Poku observed that with a pure filler metal, the TLP process took longer to 
reach isothermal solidification than the use of a filler metal alloy close to the eutectic 
composition [33]. Typical braze alloys will contain a eutectic composition of boron or silicon. 
The issue surrounding melting point depressants is that the melting point depressant elements 
can form intermetallics that are detrimental to joint properties [21, 24, 27–29, 38, 41, 42]. The 
intermetallics that form can be brittle, susceptible to cracking, and oxidation and tend for form 
near the centerline of the braze joint [24, 43].  
 During the TLP bonding process, the braze joint solidifies into 3 zones: (i) the 
isothermally solidified zone, (ii) athermally solidified zone, and (iii) the diffusion affected zone 
[21, 39].  The three zones have been characterized in Figure 2.12a. The first stage is isothermal 
solidification which starts near the base substrate/ braze alloy interface. During this stage Ni-rich 
 is formed with solid solution strengtheners, including boron and silicon, which solidifies 
inward [28]. If insufficient time is given, isothermal solidification is unable to complete and the 
residual liquid is rejected to the center of the joint [28, 39]. The liquid in the center becomes 
enriched in melting point depressants, shifting the concentration to a eutectic composition 
resulting in eutectic-like solidification referred to as the athermal solidification zone as shown in 
Figure 2.12a [39]. The diffusion affected zone is the region of the base substrate interacting with 
the elements diffused from the braze alloy, such as boron and silicon [39].   
 During isothermal solidification, a uniform microstructure is formed, usually made of  
and typically matches the microstructure of the base substrate if the composition of the braze 
alloy is similar to the base substrate. As shown in Figure 2.12a, insufficient time was given to 
complete isothermal solidification and the remaining liquid was athermally solidified.  
Pouranvari used electron probe X-ray microanalyzer (EPMA) equipped with line scan 
wavelength dispersive spectrometer (WDS) to determine the phases formed within the centerline 
[39]. Pouranvari observed the presence of a binary eutectic of Ni-rich boride and a ternary 
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eutectic as shown in Figure 2.12b labeled X, a binary eutectic of Cr-rich boride labeled Y, and  
solid solution labeled Z [39]. The formation of the eutectic contains the Ni-rich boride and a 
eutectic gamma that contains fine precipitates as seen in Figure 2.12c. The formation of the 
eutectic is also exhibited in braze alloys that contain BNi-2 within this research. Pouranvari 
characterized the precipitates as silicides formed during solid-state precipitation [39]. Figure 
2.12d shows the microstructure of the diffusion affected zone which consists of needle-like and 
cuboidal secondary phases distributed in the  matrix [39]. The diffusion affected zone is 
exhibited within the current research of joining René 108 with BNi-2, however, the morphology 




Figure 2.12  (a) a typical overview of joint region, (b) detailed view of ASZ: the 
microconstituents marked X, Y, Z are Ni-rich boride, Cr-rich boride and ternary 
eutectic of Ni-Si-B, respectively, (c) fine Ni-rich silicide with eutectic  solid 
solution, (d) detailed view of DAZ [41]. 
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 Within the stainless steel samples, grain boundary penetration occurred within the 
stainless steel grains. This phenomenon was also exhibited in IN X-750 as seen in Figure 2.13. 
The segregation of boron is believed to increase grain boundary cohesion, reduce grain boundary 
surface energy, lower grain boundary diffusion rates, and change carbide morphologies [28, 32]. 
There are conflicting views whether boron segregation has a great effect on mechanical 
properties. Wu and Chandel believe that the segregation of boron had little effect on mechanical 
properties, while Liu et al. believe that the segregation of boron reduces ductility of brazements 
[23, 28]. 
 As mentioned earlier, the phases formed in the centerline eutectic are deleterious to the 
mechanical properties. The centerline eutectic phases are avoided by completing isothermal 
solidification. Though, if isothermal solidification is incomplete, the microstructure can be 
improved with a diffusion heat treatment [24]. Using this method is more difficult to eliminate 
the deleterious phases to achieve homogeneity due to the segregation of the melting point 
depressants and therefore it is suggested to complete isothermal solidification [24]. If 
intermetallics do form, these phases decrease strength and tend to cause brittle fracture [28]. 
 
 
Figure 2.13 Microstructure of Inconel X-750 (BM) brazed with a nickel-based brazing foil. 
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2.2.3.3 Effect of Processing Parameters 
Many studies have researched the effect of processing parameters on isothermal 
solidification, looking into gap distance, brazing time, and brazing temperature. Tokoro et.al. 
performed two experiments: (1) keeping brazing temperature constant and varying brazing time 
and (2) keeping brazing time constant and brazing at varying temperatures. The first experiment 
showed that increasing the brazing time allows for complete isothermal solidification. This has 
been proven by others such as Tie-song et.al. It is important to note that as bonding time 
becomes larger, the grains of the base metal grow larger, thus decreasing the mechanical 
properties [44]. Though the mechanical properties of the base metal decrease, Figure 2.14 shows 
that the mechanical properties of the braze increase as brazing time increases [44]. Figure 2.14 
also shows that the effect of bonding temperature has a stronger effect for samples tested at 
elevated temperatures than at room temperature [44].  
 
 
Figure 2.14 Effect of bonding time on tensile-shear strength of joints. (a) Room temperature 
tensile-shear strength; (b) Elevated temperature tensile-shear strength at 900°C 
[46]. 
 
 The second experiment showed that the lower temperature completed isothermal 
solidification, but increasing temperature produced a centerline eutectic. This implies that more 
residual liquid was present at the higher temperatures. Therefore, longer times were applied to 
higher temperatures and at 1225°C a brazing time of 6 hours was insufficient in completing 
isothermal solidification [29]. This means that the brazing time will increase as temperature 
exceeds a critical temperature where the influence of reduced solubility overrides higher 
diffusivity [29]. Bonding temperature does not have the same effect on microstructure as 
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bonding time. There is no significant change in filler metal grain size, though the area of the 
isothermal solidification zone increases due to base metal dissolution [44]. In addition, 
increasing temperature increases the base metal grain size which reduces the mechanical 
properties of the base metal [44]. 
 Pouranvari et. al. observed that temperature affects the athermally solidified zone; at 
lower temperatures, the microstructure is driven by the diffusion of melting point depressants 
while at high temperatures, the microstructure is driven by the dissolution and diffusion of the 
base metal alloying into the joint [45]. Pouranvari also observed the formation of - ' eutectic 
formation which formed upon cooling by means of solid state transformation as shown in Figure 
2.15 [45]. 
 
Figure 2.15 Micrograph of joint centerline microstructure [47]. 
  
2.3 Wide Gap Brazing  
 A wide gap is considered to be larger than 500 µm [31]. What makes wide gap brazing 
difficult is keeping the braze filler metal in the joint gap. If wide gap brazing solely relied on 
capillary action, the braze joint would most likely result in a crater. There are a few ways to 
mitigate this issue. One is to use a foil or some sort of structure for the braze powder to adhere to 
(through capillary action) to keep the braze within the joint gap [1, 31]. Another way to mitigate 
this issue is to use a mixture of a braze alloy and an additive powder that does not melt during 
the brazing cycle. This type of process uses activated diffusion healing created by General 
Electric.  
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2.3.1 Activated Diffusion Healing  
In wide gap brazing it is difficult to keep the filler metal in the braze joint and, therefore, 
other methods are used in parallel with TLP bonding. General Electric uses a method known as 
activated diffusion healing (ADH) or activated diffusion bonding (ADB). Activated diffusion 
healing uses similar concepts from transient liquid phase bonding, but with the addition of an 
additive powder.  Activated diffusion healing uses a mixture of a low melting temperature 
powder, containing melting point depressants, with a high melting temperature powder, with a 
chemical composition similar to the substrate. The additive powder serves three purposes: (1) 
adds surface area for the filler metal to adhere to, keeping the braze in the gap through capillary 
action; (2) acts as a boron and silicon sink for transient liquid phase bonding; and (3) add 
additional alloying elements to strengthen the joint [22, 46–48]. Also, with the addition of the 
additive powder, less filler metal is applied and therefore fewer brittle phases can form [49]. 
Filler metals used for ADH are BNi-type filler metals containing Cr, B, and Si which 
lower the melting point of the alloy [50, 51]. The flowability of the braze alloy can be tailored by 
varying the ratio of filler metal and additive powder [50]. 
 
2.3.2 Activated Diffusion Healing Process 
 There are three stages in the activated diffusion healing process: (1) brazing, (2) 
diffusion, and (3) aging. The braze alloy is mixed with a binder and applied to the crack. Upon 
heating up, the binder is baked off, sintering the powder. When the brazing temperature is 
reached, the filler metal becomes liquid while the additive powder remains solid and suspended 
in the liquid as seen in Figure 2.16 [1, 49].  The temperature then drops to the diffusion hold 
where elements, such as boron and silicon, diffuse out of the filler metal and into the additive 
powder and base substrate illustrated in the blow up of Figure 2.16. The blown up section of 
Fig. 2.15 shows the diffusion zone within the additive powders. This is where transient liquid 
phase bonding begins till the braze alloy is isothermally solidified [47]. Finally, the temperature 
drops to the aging hold for solid diffusion homogenization and precipitation growth.  
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Figure 2.16 Schematic of the activated diffusion healing process [32]. 
 
2.3.3 Activated Diffusion Healing Microstructure 
 Three distinct regions form in these joints. For example, a ratio of 60:40 additive powder 
and filler metal is shown in Figure 2.17. The phase labeled a is the additive powder, b is 
(Cr, W)B, and c is a binary eutectic consisting of Ni3B (c1)  and -nickel (c2) [47]. Dendritic 
solidification is not exhibited because the additive powder acts as nucleation sites [47]. Most 
activated diffusion healed joints fail within the braze [47, 52]. Though the strength of the braze 
can reach 70-90% of the base metal strengths, ductility tends to be much lower [52]. Hardness 
was taken on each phase and the hardness of the (Cr, W)B and Ni3B-Ni eutectic had almost 
double the hardness of the additive powder [47]. During mechanical testing, cracks initiated at 
the binary eutectic and (Cr, W)B as seen in Figure 2.18. Due to the high harnesses, this indicates 
that these phases are brittle and therefore is the main reason why cracks initiate in the binary 
eutectic and (Cr, W)B phases [47, 53]. The ratio of the powders also contributed to void 
formation. An excess of additive powder means that there is an insufficient amount of filler 
metal to fill voids which leads to a decrease in strength [53]. 
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Figure 2.17 Microstructure of 60:40 wt.% additive powder and filler metal powder. a is 
the additive powder, b is (Cr, W) B, and c is the binary eutectic. The binary 
eutectic consists of, c1, Ni3B and, c2, -nickel. 
 
 
Figure 2.18 Image of crack propagation through brittle phases: Ni3B-Ni eutectic and 
(Cr, W) B [49]. 
 
2.3.4 Effect of Process Parameters  
 Activated diffusion healing is very complex due to the chemical composition and 
therefore the effects of chemical composition and processing parameters are not completely 
understood [47, 48, 53]. The ratio of additive powder to filler metal powder plays an important 
role in the braze alloy wettability, microstructure, and mechanical properties. Kim et. al. 
examined the effects of mixing ratio on mechanical properties and found that there is an optimal 
mix ratio. They also observed that the fracture strength decreased when tested at elevated 
temperatures [47]. Figure 2.19 shows the results of mixing ratio on mechanical properties. 
 Kim et. al. found that increasing the brazing temperature increased the wettability of the 
filler metal and therefore the fracture strength increased [53]. A similar trend was observed with 
brazing time. By increasing the brazing time, the fracture strength increased [53]. This increase 
in fracture strength was speculated to be due to the increase in additive powder size [54]. Figure 
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2.20 shows the microstructure of an activated diffusion bond joint brazed for 5 hours, 10 hours, 
and 30 hours. As the brazing time increased, the additive phase increased. As brazing time 
increased, more boron and silicon diffused out of the filler metal and into the additive powder 
which decreased the amount of eutectic [54]. Another mechanism that improved fracture strength 
is the diffusion of solid solution strengthening elements, such as chromium, cobalt, tungsten, 
aluminum, and titanium that diffused from the additive powder into the filler metal powder. Thus 
by increasing the brazing time, the microstructure becomes more homogeneous [54].   
 
 





Figure 2.20 Microstructures of a wide gap braze showing an increase in additive powder size 
as brazing time increased: (a) 5 hours, (b) 10 hours, and (c) 30 hours. 
 
2.4 Microstructural Characterization 
 Wide gap brazing uses activated diffusion healing (ADH) which applies mechanisms 
from transient liquid phase (TLP) bonding.  This study uses superalloy MAR-M 247 as the 
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additive powder with BNi-2 and BNi-5 as the filler metal powder. The following subsections are 
examples of microstructures that occur. 
 
2.4.1 Superalloy MAR-M 247 
 MAR-M 247 is a nickel-base superalloy and its composition is given in Table 2.4. The 
phases that form in bulk MAR-M β47 are -nickel, ' precipitates, metal carbides (MC), and / ' 
eutectic [55]. Miglietti and Du Toit performed ADH with MAR-M 247 and filler metals 
containing hafnium and zirconium as melting point depressants [56]. The phases present are the 
MAR-M β47 particles, eutectic phases, intermetallics, and a layer of  dendrites that are bonding 
the superalloy powder together as seen in Figure 2.21[56, 57]. The dendritic structure is made up 
of -nickel, and the eutectic contains - '. The intermetallics formed intergranularly and 
comprised of the melting point depressants [56, 57]. By increasing the brazing time, the volume 
fraction of  dendrites and intermetallic compounds decreased. These joints exhibited tensile 
strengths 30-40% of the MAR-M 247 base metal properties as seen in Table 2.5 [56]. 
 
 
Figure 2.21 Microstructure of MAR-M 247 superalloy powder mixed with the Ni-Cr-Hf 
braze produced at 1238°C for 40 minutes [23].  
 
Table 2.4 MAR-M 247 composition in wt.% [23]. 
Element Ni B C Co Cr  Hf  Mo Al  W Ta Ti  Zr  Fe 
wt.% bal. 0.001 0.15 10 8.25 1.5 0.7 5.5 10 3 1 0.05 0.5 
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2.4.2 BNi-2 Filler Metal 
  BNi-2 contains boron and silicon as melting point depressants. The chemical 
composition of BNi-2 is shown in Table 2.6. The issue surrounding boron as a melting point 
depressant is its tendency to form borides. Chromium boride often forms which reduces the 
chromium content in the braze and decreases corrosion resistance [58]. The borides will first 
form Cr5B3 but will revert back to CrB during solidification [58]. J. Ruiz-Vargas et.al. observed 
four main phases: (1) CrB with low amounts of silicon, (2) nickel borides (Ni3B) containing iron, 
chromium, and low amounts of silicon, (γ) α-nickel containing small precipitates that are likely 
Ni3Si, and (4) a eutectic phase consisting of boron and silicon [59]. The phases are shown in 
Figure 2.22. 
Table 2.6 Chemical composition of BNi-2 in wt.% [60]. 
Element Ni Cr  Fe Si B 
wt.% bal. 7 3 4.5 3 
 
 S. Nelson characterized the activation diffusion healing (ADH) alloys with 
microconstituent zones. These zones are: the eutectic ternary matrix, melting point depressant-
depleted halo, affected superalloy particles, and nickel solid solution [60]. Figure 2.23 exhibits 
the braze alloys containing 40, 50, and 60 wt.% BNi-2 mixed with superalloy MAR-M 247. The 
microconstituent zones are labeled within Figure 2.23. Zone 1 is the ternary eutectic matrix that 
contains -nickel solid solution, nickel borides and silicides most likely to be Ni3(Si, B), 
chromium borides, and chromium silicides [60]. Zone 2 is the additive particle interaction zone 
(APIZ) which contains solid solution strengthened -nickel and intermetallic particles [60]. Zone 
3 consists of intermetallic constituents. 
 
Table 2.5 Tensile properties of base metal superalloy MAR-M 247 [23]. 
Tensile Properties UTS (MPa) YS (MPa) Elongation (%) RA (%) 
MAR-M 247 790 650 5.0 7.7 
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Micrographs and EDS map of phases present within the BNi-2 brazement [60]. 
 
 
Figure 2.23 Optical micrographs of braze alloys containing BNi-2 at: (A) 40 wt.%, (B) 50 
wt.%, and (C) 60 wt.%. The zones identified are: (1) APIZ, (2) ternary eutectic 
matrix, and (3) intermetallic phases.  
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2.4.3 BNi-5 Filler Metal 
BNi-5 is used as a filler metal because it is boron free and only contains silicon as a 
melting point depressant which lowers the liquidus temperature with increasing content [51]. The 
composition of BNi-5 is essentially a Ni-Cr-Si ternary as seen in Table 2.7 [61]. Grushko and 
Weiss observed unstable phases, G-phase, within atomized BNi-5 powder which was present 
upon brazing [61].  Figure 2.24 illustrates the microstructure of BNi-5 after brazing which 
exhibits -nickel, a eutectic consisting of G-phase and -nickel, and -phase [61]. Within the 
diffusion zone, carbides precipitated that were rich in chromium with some niobium [61]. S.K. 
Tung et.al. observed fine precipitates of nickel silicide and -nickel [62]. They determined that 
upon cooling, -nickel dendrites solidified within the melt, enriching the remaining melt of 
silicon which reached the eutectic composition to solidify into a eutectic of -nickel and nickel 
silicide [62]. 
Table 2.7 Chemical composition in wt.% of BNi-5 [62]. 
Element Ni Cr  Si 





SEM micrograph of BNi-η after brazing. (1)  solid solution, (β) eutectic G-
phase and , (γ) irregular eutectic of -phase, and (4) sharp-cornered prismatic 
objects [62]. 
 
S. Nelson characterized the zones present in the BNi-5 containing alloys which are the 
same zones characterized in the BNi-2 alloys: (1) ternary eutectic matrix, (2) APIZ, and (3) 
intermetallic phases. Figure 2.25 exhibits the microstructure of 40, 50, and 60 wt.% BNi-5. 
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Zone 1 consisted of -nickel, nickel silicides, and chromium silicides [60]. The APIZ consisted 
of -nickel, nickel silicide precipitates that formed a needle-like morphology [60]. S. Nelson 
observed that the braze alloys containing BNi-5 had more homogeneous microstructures than the 
BNi-2 braze alloys [60]. 
 
 
Figure 2.25 Optical micrographs of braze alloys containing BNi-5 at: (A) 40 wt.%, (B) 50 
wt.%, and (C) 60 wt.%. The zones identified are: (1) APIZ, (2) ternary eutectic 
matrix, and (3) intermetallic phases.  
 
2.5 Mechanical Testing 
 Typical brazements are tested in lap-shear testing or bend testing. Bend testing is easier 
to simulate low-cycle fatigue and therefore is the reason why four-point bend testing is used in 
this study. 
 
2.5.1 Four-Point Bend Testing 
Four-point bending has many advantages when determining mechanical properties of a 
material. Four-point bending has a uniform bending moment between the two inner rollers which 
is helpful in two ways [63]. First, it creates a uniform maximum tensile stress on the surface of 
the sample. Second, four-point bend testing makes the alignment of the samples in the grips 
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easier because the region of interest does not have to fall perfectly in the center of the grips like a 
three-point bend test. For that reason, four-point bend testing is easier to test at elevated 
temperatures than elevated temperature tensile tests because placement in the grips is not as 
difficult for four-point bend tests [63]. Four-point bend tests do not require special grips and 
therefore it is possible to test brittle materials in tension [63]. For these reasons, four-point bend 
tests are used for fatigue studies and in the case of this study, low-cycle fatigue [63]. The 
mechanical properties that four-point bending provides are the flexural strength and the bend 
angle which correlates to the ductility [63, 64].  
 S. Nelson performed four-point bend tests at room temperature on ADH alloys with 
MAR-M 247 as the additive powder and BNi-2 and BNi-5 as the filler metal powder [60]. He 
observed the ultimate bend strength (σUBS) and strength to failure (σ*) for each alloy as seen in 
Table 2.8. The BNi-2 alloys exhibited ductile and brittle failure while the BNi-5 alloys exhibited 
only brittle failure [60]. Fifty weight percent BNi-5 braze alloys exhibited solidification cracking 
before bend testing, reason why the bend strength was much lower than the other BNi-5 braze 
alloys [60].  
Table 2.8 Ultimate bend strength (σUBS) and strength to failure (σ*) for BNi-2 
and BNi-5 containing alloys [61]. 
Filler metal Powder  
(wt. %) 
BNi-2 BNi-5 
σUBS (MPa) σ*  (MPa) σUBS (MPa) σ*  (MPa) 
40 1334.0 ± 385 1225.3 ± 330 995.9 ± 220 995.9 ± 220 
50 806.3 ± 206 796.0 ± 193 461.2 ± 49.5 461.2 ± 49.5 
60 721.4 ± 149 721.4 ± 149  943.8 ± 157 943.8 ± 157 
 
2.5.2 Elevated Temperature Testing 
Elevated temperature testing in an open atmosphere causes superalloys to form oxides. 
This can be detrimental to nickel alloys containing ' because ' contains aluminum and titanium 
which easily combines with oxygen to form oxides. This leads to the depletion of ' [65, 66]. 
Gabb et.al. observed crack initiation near surface microporosity and oxidation layers [67]. 
Another concern of elevated temperature testing is the shape morphology of ' from cuboidal 
precipitates to other shapes [68]. R. A. MacKay and L. J. Ebert observed an increase in creep 
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resistance with elevated temperature because the bypass of ' through dislocation climb would 
not occur and replaced by the shearing of ' precipitates which is more difficult to achieve [68].   
 
2.5.3 Digital Image Correlation (DIC) 
 Digital image correlation (DIC) is a method used to measure strain over a length of time. 
DIC can be used to determine the strain in a specific grain or region. A high resolution camera 
focuses on a specific region of interest, collecting images over a period of time, during 
mechanical testing. An analysis software measures the contrast of each image to determine the 
strain over a period of time [69]. The limitations of this process are the patterning of the sample, 
resolution of the camera, and data collection.  
 Samples must have a significant amount of contrast in order for the software to calculate 
the strain over an area. If there is an insufficient amount of contrast the software will treat the 
low contrast areas as holes. A method to create contrast is to etch the sample to reveal 
microstructural features that provide contrast. If contrast from the etchant is insufficient, a spray 
of fine particles can be added to the surface to add the needed contrast. A more popular method 
is to create contrast through a fine spray of paint. The software measures the differences in strain 
by following discrete areas that contain at least three pixels of contrast which is called a facet 
[69]. The software calculates the distance between facets to determine the strain of the material. 
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CHAPTER 3 EXPERIMENTAL PROCEDURES 
 This chapter describes the procedures and justifications for the experiments. Braze alloy 
creation is explained in Section 3.2 and its subsections. Machining and sample preparation is 
discussed in Sections 3.3 and 3.4, respectively. The brazing cycles for the various experiments 
are discussed in Section 3.6 and its subsections. Microstructural characterization is discussed in 
Section 3.8 with the applied techniques discussed in the subsections. Microhardness and 
mechanical testing are discussed in Sections 3.9 and 3.10, respectively.  
 
3.1 Powder Analysis  
 Three powders were used to create the braze alloys: BNi-2, BNi-5, and MAR-M 247. 
BNi-2 and BNi-5 are commercial braze powders that contain melting point depressants that 
lower the melting point of the powders. MAR-M 247 is a nickel superalloy powder that assists in 
the activated diffusion healing process. The average particle size and distribution of each powder 
was measured to discern the powders when mixed. The powders were measured using a 
Microtrac Particle Size Analyzer shown in Figure 3.1. The powders were suspended in deionized 
water and Darvan 821A dispersant. Two test runs were carried out under a flow of 50% with an 
ultrasonication at 40 watts for 30 seconds. If the bell curve of both tests were the same, then 
there is little agglomeration of the powders and the test is valid. An example of the results is 
shown in Figure 3.2. BNi-2 powder was ultrasonicated twice. The results produced the same 
curve and distribution which means that the results are valid. 
 
 
Figure 3.1 Photograph of the Microtrac Particle Size Analyzer. 
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Figure 3.2 Example of the Microtrac Particle Size Analyzer.  
 
3.2 Braze Alloy Creation  
 Braze alloys were created by mixing a filler metal powder with a superalloy additive 
powder. This study analyzed the mixing ratios of the filler metal with the additive powder in 
40:60, 50:50, and 60:40, respectively. BNi-2 and BNi-5 were used as the filler metal due to the 
melting point depressants boron and silicon. The additive powder chosen for the study was 




Braze alloys contain filler metal BNi-2 or BNi-5 with a 






40 x x 
50 x x 
60 x x 
Balance MAR-M 247 
 
3.2.1 Braze Alloy Composition  
 Activation diffusion healing is the method used to create a joint that functions at elevated 
temperatures. BNi-2 is of interest because it contains both boron and silicon as melting point 
depressants, but boron tends to form deleterious phases such as borides and eutectic constituents. 
BNi-5 is of interest because it only contains silicon as the melting point depressant, but the 
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diffusivity of silicon in nickel is not as fast as boron in nickel so activated diffusion healing may 
be a concern. MAR-M 247 is used as the higher melting point material that would remain at least 
partially solid to provide extra surface area and increased joint strength, and a boron and silicon 
sink to complete isothermal solidification [36]. The compositions of the powders are shown in 
Table 3.2. 
 
Table 3.2 Composition of powders used to create the braze alloy. All compositions are 
given in weight percent. 
Alloy Al  B Co Cr  C Fe Hf  Mo Si Ta Ti  W Zr  Ni 
BNi-2 0.01 3.0 0.09 7.2 0.01 3.3 - - 4.2 - 0.01 - - Bal 
BNi-5 - - - 19.0 -  - - 10.0 - - - - Bal 
MAR-M 
247 
5.4 0.02 10.1 8.7 0.1 0.05 1.3 0.7 0.06 3.0 1.0 10.1 0.05 Bal 
 
3.2.2 Mixing the Braze Alloys 
 Braze alloys were mixed in batches of 300g in glass jars. The measured amount of the 
commercial braze powder was dependent upon the weight percent of the braze alloy with a 
balance of MAR-M 247. For instance, 40 wt% BNi-5 was created by mixing 120g BNi-5 powder 
with 180g MAR-M 247. The batches were then ultrasonically mixed using the LabRam 
Ultrasonic Acoustic Mixer shown in Figure 3.3. The batches were mixed at a frequency of 60 Hz 
with an intensity of 80% for 30, 60, 90, and 120s. The powder homogeneity was then analyzed 
under backscatter electron (BSE) mode in the scanning electron microscope (SEM). An example 
is shown in Figure 3.4. The micrograph on the left (Figure 3.4A) shows the BSE micrograph. 
The micrograph on the right (Figure 3.4B) demonstrates the electron mapping. The backscatter 
micrograph was collected an electron mapping scanned the density of the elements of interest. In 
this example, electron mapping of iron (blue) and cobalt (green) were collected to determine the 
difference between the filler metal powder (BNi-2) and MAR-M 247. The scans were then 
overlaid on top of the backscatter micrograph.  Having a homogeneous mixture is important 
because the crack should have a similar distribution of powders to stay consistent along the 
length of the joint. 










Figure 3.4 Example of using SEM electron mapping to distinguish the filler metal powder 
and additive powder. (A) BSE micrograph of powder mixture. (B) Overlay of 
EDS electron mapping over the BSE micrograph. 
 
3.3 Machining  
 Wire electrode discharge machining (EDM) was implemented to ensure that all the 
samples were machined with a tight dimensional tolerance. By using this method of machining a 
recast layer would be formed on the samples that required removal with subsequent sandblasting. 
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Three types of plates required EDM machining: René 108 spreadability plates, René 108 braze 
plates, and four-point bend coupons.   
 
3.3.1 Spreadability Plates  
 Spreadability experiments used AISI 304 stainless steel and René 108. The first 
experiments were performed on AISI 304 stainless steel because it was more cost effective than 
René 108. The relative relationships observed on AISI 304 stainless steel would be similar to the 
relationships observed on René 108. Stainless steel plates were ordered with the dimensions of 
152.4 mm x 76.2 mm x 3.2 mm (6 in. x γ in. x ⅛ in.) and did not require any extra machining. 
The plates were then scored in 25.4 mm x 25.4 mm (1in. x 1 in.) areas to separate spreadability 
droplets creating 18 squares per plate. For each brazing temperature, three spreadability droplets 
of each composition were analyzed. The chemical composition of the AISI 304 stainless steel 
can be found in Table 3.3. 
 
Table 3.3 Composition of 304 stainless steel spreadability plates given in weight 
percent. 
Alloy Cr  Cu C Mn Mo N Ni P Si S Fe 
304  18.2 0.05 0.02 0.99 0.03 0.05 8.2 0.04 0.5 0.002 Bal 
 
A smaller scale experiment was performed on René 108 plates. René 108 plates were 
machined using wire EDM with dimensions of 139.7 mm x 19.1 mm x 3.2mm (5½ in.x ¾ in. x 
⅛ in.) The plates were then scored every βη.4mm (1 in.) creating six squares per plate. Only one 
droplet of each composition was analyzed for each brazing temperature. The chemical 
composition of the René 108 can be found in Table 3.4. 
 
Table 3.4 Composition of the René 108 spreadability plates given in weight 
percent. 
Alloy Al  Cr  Co Hf  Mo Ta Ti  W Ni 
René 108 5.5 8.4 9.5 1.5 0.5 3.0 0.7 9.5 Bal 
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3.3.2 Braze Plates  
 Braze plates were machined from a bulk block of René 108 alloy using wire EDM. The 
chemical composition of the René 108 plate is shown in Table 3.4. The plate dimensions are 
76 x 25 x 2 mm (3 in. x 0.98 in. x 0.078 in). A 1.5 x 1.5 mm (0.059 in. x 0.059 in.) groove was 
machined down the length of the plate to simulate the wide gap crack in need of repair. A 
schematic of the plate geometry can be seen in Figure 3.5. These braze plates were used for the 








Schematic of René 108 braze plate. Paste is applied in the center groove.  
 
3.3.3 Four-Point Bend Coupons  
 Coupons were machined from the braze plates for four-point bend testing. First, the 
bottoms of the plates were ground flat using SiC sandpaper. Next, the excess braze was 
machined away using a surface grinder in 0.013 mm – 0.0254 mm (0.0005 – 0.001 in.) 
increments. The braze plates were further thinned to a 1.5 mm (0.059 in.) thickness. Once the 
plates were thinned, they were cross-sectioned along the length of the plate using wire EDM with 
dimensions of 25 x 2 x 1.5 mm (0.98 in. x 0.078 in. x 0.059 in.) A schematic of the coupon is 
illustrated below in Figure 3.6.  
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Figure 3.6 Schematic of the bend coupon sample. The main body is René 108 and the 
material in the groove is the braze alloy. 
 
3.4 Surface Preparation 
 After wire EDM, there is generally a recast layer left on the surface that must be 
removed. To avoid contamination, the plates were never handled with bare skin. The plates were 
first ultrasonically cleaned in an acetone bath for 10 minutes. The plates were then sandblasted 
with NicroBlast grit and ultrasonically cleaned in an acetone bath for another 10 minutes. 
Finally, the plates were wiped down with ethanol. Spreadability plates and braze plates were 
prepared the same way. After the grit blasting step, the average surface roughness was 
approximately 1.15µm.  
 The recast layer formed from machining the bend coupons did not alter the mechanical 
properties of the brazed coupons and therefore the sandblasting step was skipped. Instead, the 
coupons were mounted in acrylic and prepared using the metallography steps as described in 
Section 3.7. The samples were then etched with glyceregia and micrographs were collected 
following the procedures in Section 3.8.1. The composition of glyceregia will also be given in 
Section 3.8.1. When the coupons were ready to be mechanically tested, they were removed from 
the acrylic mounts in an acetone bath. 
 
3.5 Braze Paste Application 
  When the binder is added to the braze alloy powder, there is a limited amount of time 
that the paste can be used before it dries. Therefore, the paste was made in small batches when 
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needed. To make a batch for experimentation, 10 to 30 g of the braze alloy powder was 
measured with an analytical balance. Vitta Binder BrazeGel was used as a binder to create a 
paste. The gel is made from polymers and water that burns off below the brazing temperature. It 
is does not contaminate the filler metal or base metal and is recommended for furnace use. The 
binder was measured to be 6 to 10 wt.% of the braze alloy as suggested by Vitta Corporation. 
The braze alloy and binder was then mixed together by hand to create the paste till it formed a 
consistent texture. The paste was then transferred to and stored in a syringe. For the spreadability 
experiments, the syringe applied 2 mL droplets to the 25.4 mm (1 in.) squares for both AISI 304 
stainless steel and René 108 plates. The droplets were dried using a heat gun for 5 minutes. 
 When applying the paste into the groove, a metal spatula would be used to pack the paste 
into the corners of the groove. An excess of braze alloy was added and a stencil was used to 
ensure that the same amount of braze paste was applied to each plate. Industrial practice allows 
three attempts to ensure a good braze determined by the C3 Committee. Non-destructive testing 
like X-ray radiography is performed on the repairs to ensure good wetting and filling of the 
crack. If the first attempt is insufficient, then extra braze alloy is added to the crack to be 
re-brazed. However, this project studies the first attempt. 
 
3.6 Brazing Cycles  
 All samples were brazed in a vacuum furnace that operated under a pressure between 10-3 
to 10-5 Pa (10-5 to 10-7 torr). The brazing cycle changed for each experiment. Spreadability 
experiments had shorter cycles, but larger “brazing hold” times. The baseline cycle had two 
different operating temperatures. The data collected from the baseline was used to improve the 
operating conditions for the “diffusion hold” experiments. The “diffusion hold” experiments 
were to improve upon the original baseline cycle. Details of the brazing cycles are provided in 
the following sections. 
 
3.6.1 Spreadability Cycles 
 Spreadability cycles operated under three different brazing temperatures to determine the 
final baseline brazing temperatures. The temperatures examined in this experiment were 1200°C, 
1232°C, and 1250°C (2192°F, 2250°F, and 2282°F). A schematic of the spreadability cycle is 
illustrated in Figure 3.7. Stage I is the preheat hold that removes any excess moisture from the 
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sample. The temperature increases to 200°C at a rate of 20°C/min and held for 60 minutes. Stage 
II is the brazing of the filler metal droplet. The temperature ramps up to the brazing temperature 
in 30min. The brazing temperature is then held for 10min. At this step the filler metal droplets 
are allowed to melt and wet the substrate. The sample is finally furnace cooled to room 
temperature.  
 
Figure 3.7 Spreadability cycle for samples brazed at 1200°C. Stage I is the preheat hold to 
remove excess moisture from the sample. Stage II is the brazing hold where the 
spreadability droplets are allowed to melt and wet the metal substrate. 
 
3.6.2 “Brazing Hold” Experiments  
 The baseline brazing cycles had two different brazing temperatures: 1200°C and 1232°C 
(2192°F and 2250°F). An example schematic of the baseline brazing cycle is illustrated in Figure 
3.8. Stage I is the preheat step. The temperature increases to 200°C (392°F) in 10 minutes and is 
held at 200°C (392°F) for 60 minutes to remove excess moisture from the sample. The 
temperature then increases at a rate of 14°C/min (57.2°F/min) to 583°C (1081.4°F) for 30 
minutes. At this temperature the binder decomposes and is removed from the braze alloy. The 
temperature increases at a rate of 14°C/minute (57.2°F/min) to 75% of the brazing temperature 
for 26 minutes. Stage II is the brazing hold step where the commercial powder becomes liquid. 
The temperature increases at a rate of 14°C/min (57.2°F/min) to the brazing temperature of 
1200°C or 1232°C (2192°F and 2250°F) and held for 10 minutes. The temperature then 
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decreases at a rate of 2.75°C/min (37°F/min) to 85% of the brazing temperature and held for 5 
minutes. During Stage III, the diffusion hold step, where melting point depressants (MPDs) 
diffuse from the commercial powder into the MAR-M 247 particles and René 108 substrate. The 
temperature increases at a rate of 15°C/min (59°F/min) to 85% of the brazing temperature and 
held for 2 hours. The temperature then decreases at a rate of 40°C/min (104°F/min) to 583°C 
(1081.4°F). Stage IV is the aging hold step. The temperature increases 871°C (1600°F) at a rate 
of 14°C/min (57.2°F/min) and held at 871°C (1600°F) for 4 hours. The temperature is then 




Figure 3.8 Brazing cycle for the brazing hold samples brazed at 1200°C.  Stage I 
removed excess moisture and binder from the braze alloy. Stage II is the 
brazing temperature where the commercial braze alloy becomes liquid. 
Stage III is the diffusion hold where MPDs diffuse into the substrate and 
MAR-M 247 particles. Stage IV is the aging hold. 
 
3.6.3 “Diffusion Hold” Experiments  
To improve the microstructure without changing the chemical composition, the baseline 
brazing cycle was altered during stage III, the diffusion hold. During the diffusion hold, melting 
point depressants diffuse from the commercial braze powder into the superalloy powder and 
substrate. By changing the time and temperature of this step, the diffusion of these elements 
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should change the volume fraction of the microstructural features such as the eutectic 
constituent.  
The brazing temperature for all the “diffusion hold” experiments were brazed at 1232°C 
(2250°F). This temperature was used because joints brazed at 1232°C (2250°F) exhibited higher 
strengths than joints brazed at 1200°C (1292°F). The “diffusion hold” operated at two different 
times and temperatures shown in Table 3.5. 
 
Table 3.5 “Diffusion hold” parameters during the brazing cycle. 
Time 1100°C (2012°F) 1121°C (2050°F) 
2 Hours X X 







“Diffusion hold” brazing cycle. Stage I is the preheat step to bake out excess 
moisture and binder. Stage II is the brazing step which operates at 1232°C. Stage 
III is the “diffusion hold”. This “diffusion hold” temperature is held at 1100°C 
for 2 hours. Stage IV is the aging hold. 
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An example of the brazing cycle is illustrated below in Figure 3.9 for a “diffusion hold” 
temperature of 1100°C (2012°F) held for 4 hours. The brazing cycle begins at Stage I, the 
preheat step. The preheat step is the same as the baseline preheat step. The temperature takes 10 
minutes to increase to 200°C (392°F) and is held at 200°C (392°F) for 60 minutes to remove 
excess moisture. The temperature then increases at a rate of 14°C/min (57.2°F/min) to 583°C 
(1081.4°F) for 30 minutes to remove excess binder from the braze alloy. The temperature 
increases at a rate of 14°C/min (57.2°F/min) to 900°C (1652°C) and held at this temperature for 
26 minutes. Stage II is the brazing hold step which begins by increasing to 1232°C (2250°F) at a 
rate of 14°C/min (57.2°F/min) and held at 1232°C (2250°F) for 10 minutes. The temperature 
cools at a rate of about 2.2°C/min (36°F/min) to the “diffusion hold” temperature (either 1100°C 
or 1121°C) (2012°F or 2050°F respectively). Stage III is the “diffusion hold” to allow for the 
diffusion of MPDs out of the commercial braze. The temperature is held for either 2 or 4 hours 
and then the temperature decreases at a rate of about 8.5°C/min (47.3°F/min) to 583°C 
(1081.4°F) and is held for 5 minutes. Stage IV is the aging hold which begins by increasing to 
871°C (1600°F) at a rate of 14°C/min (57.2°F/min) and held for 4 hours. The samples are then 
furnace cooled to room temperature. The brazing cycle for each experiment can be found in the 
Appendix A. 
 
Table 3.6 Metallographic steps for brazed joints. 
Step Time 
240 grit  
320 grit  
400 grit  
600 grit  
6 µm ~5 minutes 
3 µm ~3 minutes 
1 µm ~3 minutes 
0.05 µm ~4 hours 
 
3.7 Metallography  
 Samples were hot mounted in 31.75 mm (1¼ in.) Bakelite mounts. The samples were 
then ground flat using 240, 320, 400, and 600 grit SiC sandpaper. The samples were then 
polished with θ μm, γ µm, and 1 μm diamond abrasives with Imperial polishing pads [71]. 
Following the diamond polishing step, the samples were further polished using 0.η μm alumina 
  47 
 
with the Buehler VibroMet® vibratory polisher for 4 hours. The metallographic procedures are 
illustrated in Table 3.6. Polished samples were used for microstructural characterization and 
microhardness measurements. 
 
3.8 Microstructural Characterization  
In order to characterize the phases within the braze joint, light optical microscopy (LOM) 
and scanning electron microscopy (SEM) were used. Sample preparation is given in detail in the 
following sections. 
 
3.8.1 Light Optical Microscopy  
 Samples were prepared following the metallographic procedures as described in Table 
3.6. After polishing the samples were etched for about 45 seconds with glyceregia (3mL HCl + 
2mL glycerol + 1mL HNO3) to reveal ' precipitates. Images were taken with the Olympus 
PMG-3 LOM. Sixteen micrographs were collected at each magnification (50X, 200X, and 500X) 
for phase volume fraction analysis. A schematic of the locations where the micrographs were 
taken is illustrated in Figure 3.9. Eight micrographs were taken along the substrate/ braze alloy 
interface which is illustrated by the blue boxes. Eight micrographs were taken along the 
substrate/ braze alloy interface which is illustrated by the blue boxes. Eight micrographs were 
taken within the braze alloy body which is illustrated by the red boxes.  Micrographs were 










Schematic of where images were taken within the braze alloy. Blue boxes 
indicate images taken along the substrate/ braze alloy interface. Red boxes 
indicate images taken within the braze alloy body. 
 
 Bend coupons were mounted in an acrylic mount and polished following the 
metallographic procedures as described in Table 3.6. The mounted coupons were etched with 
glyceregia for about 45 seconds. Micrographs of the entire joint were collected at 50X. The 
  48 
 
acrylic mounts were ultrasonicated in acetone to release the bend coupons. The coupons were 
then bend tested. After bend testing, light optical micrographs of the same samples were 
collected at 50X. 
 
3.8.2 Volume Fraction 
To determine the phase volume fraction of each condition, samples were prepared 
following the metallographic procedures described in Section 3.7 and LOM micrographs were 
collected following the procedures described in Section 3.8.1. Phase volume fraction was 
calculated using point counting following ASTM Standard E562-11 [72]. Using ImageJ 
software, a grid was placed on top of a 500X micrograph with about 300 intersections. Phases 
were counted at each grid intersection. Each intersection on a particular phase represents one 
point count. Over 1000 points were collected across the eight micrographs. The estimated 
volume percent, standard deviation, and percent relative accuracy were calculated following the 
equations in the ASTM Standard. 
 
3.8.3 Scanning Electron Microscopy 
  Samples were prepared following the metallographic procedures as described in 
Section 3.7. Samples were loaded into a FEI Quanta 600i Environmental SEM that uses a 
tungsten cathode and has secondary electron (SE) and backscatter electron (BSE) detectors. A 
working distance of 10mm was used and an accelerating voltage of 15 keV was applied to the 
sample. Backscatter electron micrographs were collected at 700X. 
 For higher magnification micrographs, a JEOL 7000 field electron SEM was used. This 
equipment is equipped with both SE and BSE detectors. A working distance of 10 mm was used 
with an accelerating voltage of 15 keV. Using the backscatter detector, micrographs of 15,000X 
or higher were collected to identify smaller microstructural features, such as ' precipitates. 
 
3.9 Microhardness 
 Samples were prepared following the metallographic procedures as described in 
Section 3.7. The Vibromet polishing slightly etches the samples so microstructural features are 
visible under the LOM. Microhardness indents were collected at 500 gmf for 10 seconds 
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following ASTM Standard E348-11 [73]. The indents were taken 0.250 mm apart across the 
joint. Three rows of indents were collected per sample and the average hardness of the braze 
joint was calculated.  
  
3.10 Nanoindentation 
 Samples for nanoindentation were prepared following the metallographic procedures as 
described in Section 3.7. Samples were further polished using the Vibromet using 0.02µm 
colloidal silica for 2 hours. Using the nanoindentor, the surface roughness was measured to be 
less than 5 nm. The program was set to be load controlled using 5s2s5s. This notation means that 
it takes 5 seconds for the indenter to load the sample and is held for 2s. The indenter is removed 
from loading in 5s. The program was displacement controlled and each indent was loaded to a 
depth of 100 nm. Once the area of interest was selected, the program was set to run a grid of 10 
indents x 5 indents with a 10 µm spacing in a constant direction as shown in Figure 3.11. 
 
 
Figure 3.11 Nanoindentation pattern. (S) designates where the indenter started and (F) 
designates where the indenter finished. 
 
 The hardness and elastic modulus were calculated by the nanoindentor following Oliver 
and Pharr’s method. The data collected by a single nanoindent is load and displacement as shown 
in Figure 3.12. Pmax is the maximum load that the sample experienced, hmax is the displacement at 
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peak load, hf is the final depth of contact after loading, and S is the initial unloading stiffness 
[74]. The hardness and reduced elastic modulus is determined by Equation 3.1 and Equation 3.2: 
 H= PmaxA  Equation 3.1 
 S = ���ℎ = 2√� ��√� Equation 3.2 
 
where H is the hardness, Pmax is the maximum load, and A is the indenter area, S is the stiffness, 




Figure 3.12 A schematic representation of the load versus displacement data for a 
nanoindentation [74]. 
 
3.11 Mechanical Testing 
In order to rank the joint quality, four-point bend tests were performed on the bending 
coupons described in Section 3.3.3. Baseline samples were bend tested at room temperature and 
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were ranked based on strength to failure and angular deflection. “Diffusion hold” experiments 
were bend tested at room temperature and at elevated temperatures. The compositions and 
processing parameters were analyzed based on the mechanical results. Digital image correlation 
was used to observe where the crack propagated through the joint. 
 
3.11.1 Room Temperature Testing 
 Bend coupons were mounted as discussed in Section 3.4 and 3.7. Coupons were 
mechanically tested following the American Welding Society C3 Committee on Brazing and 
Soldering [65, 75]. The coupons were placed in the grips with the bottom of the plate facing up 
(braze metal facing down). A simplified schematic of the load on the sample is illustrated in 
Figure 3.13 [61]. 
 
Figure 3.13 Schematic of the loads applied to the bend coupons. Arrows designate where the 
grips made contact with the coupon. The geometry of the sample and loads were 
used to calculate the strength to failure and angular deflection. Schematic is 
drawn by S. Nelson [60]. 
 
Samples were measured using a micrometer and the average thickness and width were 
used to calculate the strength to failure and angle of deflection. At least five specimens were 
tested per composition and processing condition. A computer program moved the load frame 
with a crosshead speed of 0.05 in/minute till the load reached 10 pounds. The high crosshead 
speed was to reduce the testing time. When the load was above 10 pounds the cross head speed 
slowed to 5x10-4 in/min. When the samples were deflected, strength to failure was calculated 
following the equation given by the AWS C3.2 and ASTM standard C1161 and D6272 
[64, 70, 71]: 
S = γPL
4bdβ
     Equation 3.3 
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where S is the stress in the outer fiber (MPa), P is the load at a given point (N), L is the length of 
the coupon (mm), b is the width of the coupon (mm), and d is the thickness of the coupon (mm). 
The strength at failure was the value used to rank the samples. The angular deflection was used 
to rank ductility of the braze joint. The equation is seen below, given by the AWS 
C3.2specification:  = tan-1 [dextL
4⁄ ]               Equation 3.4 
where  is the angle of deflection at failure (deg), dext is the crosshead displacement (mm), and L 
is the length of the coupon (mm) [61, 75]. 
 
3.11.2 Elevated Temperature Testing 
 Bend coupons were metallographically mounted and prepared as discussed in Section 3.4 
and 3.7. A split tube furnace was attached to a screw-driven frame. A computer program moved 
the load frame with a crosshead speed of 0.05 in/min (1.27 mm/min) till the load reached 5 
pounds. The high crosshead speed was to reduce the testing time. When the load was above 5 
pounds the cross head speed slowed to 5x10-4 in/min (1.27x10-2 mm/min).  At least 3 coupons for 
each condition were tested at 871°C (1600°F). 
 
3.11.3 Digital Image Correlation 
 Bend coupons were prepared as discussed in Section 3.4 and 3.7. The etched samples 
revealed microstructural features that added contrast for the digital image correlation (DIC) 
software. Additional 0.05 µm alumina was mixed with ethanol and sprayed onto the etched face 
of the bend coupon for additional contrast. Once the ethanol was dried, the coupon was placed 
within the 4-point bend grips as previously mentioned in Section 3.10.1. A 2-D camera was used 
with GOM-ARAMIS software to capture the micrograph during bend testing. During the four-
point bend test, the camera was lowered to follow the area of interest as it was being bent. After 
bending, the software was used to analyze the major strain in the sample. A facet size of 35 
pixels was used with a step of 18 pixels, meaning a new facet was created every 18 pixels. The 
facet size is large because the etching and alumina speckling was not enough contrast to fill in 
holes in the program. This facet and step setting was sufficient for a large area of interest, but for 
future work, it is suggested to use a different pattern so a smaller facet size can be used.  
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CHAPTER 4 RESULTS AND DISCUSSION 
 Chapter 4 presents and discusses the results of this brazing research program. Section 4.1 
includes the results for the powder analysis. Section 4.2 discusses the wettability and 
spreadability of the braze alloys through sessile drop experiments. Section 4.3 discusses the 
microstructure and the phase formation in the braze alloys. Section 4.4 discusses the phase 
volume fractions of the braze alloys and solidification behavior. Section 4.5 discusses the 
hardness measurements of the braze alloys and the effects of the brazing cycle. Section 4.6 
discusses the four-point bend results and Section 4.7 discusses the braze alloy crack behavior. As 
described earlier, the second objective of this project is to study the effects of the brazing cycle 
on the microstructural and mechanical properties, the different brazing schedules are shown in 
Table 4.1. 
 
Table 4.1 Brazing cycle schedules for the various experiments. The “brazing hold” cycles 
include schedule 1 and 2. The “diffusion hold” cycles include schedule 3A and 
3B, and schedule 4A and 4B. 
Parameter Schedule Brazing Hold Diffusion Hold Aging Hold 
Brazing Hold 
Schedule 1 1200°C, 10 min 1080°C, 2 hrs 871°C, 4 hrs 
Schedule 2 1232°C, 10 min 1109°C, 2 hrs 871°C, 4 hrs 
Diffusion Hold 
Schedule 3A 1232°C, 10 min 1100°C, 2 hrs 871°C, 4 hrs 
Schedule 3B 1232°C, 10 min 1121°C, 2 hrs 871°C, 4 hrs 
Schedule 4A 1232°C, 10 min 1100°C, 4 hrs 871°C, 4 hrs 
Schedule 4B 1232°C, 10 min 1121°C, 4 hrs 871°C, 4 hrs 
 
4.1 Powder Analysis 
 Since two nickel-based powders are mixed together to create the braze alloy, it is 
important to know the particle size distribution of each to distinguish the difference between the 
two powders as well as determine how the two powders will mix together. The average particle 
size and distribution of the BNi-2, BNi-5, and MAR-M 247 powders were measured in the 
Microtrac Particle Size Analyzer. For each powder, two test runs were performed to confirm the 
accuracy in the test. If the two test runs showed the same size distribution, then the measured 
distributions are accurate and the powders show no agglomeration.  
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 The average particle size of BNi-2, BNi-5, and MAR-M 247 are shown in Table 4.2. The 
BNi-2 and MAR-M 247 powders are easy to distinguish because the average particle size of 
BNi-2 is more than twice the size of MAR-M 247. However, the average particle size difference 
between the BNi-5 and MAR-M 247 powders are small and composition will be the only way to 
distinguish between the two powders.  
 
Table 4.2 Average particle size for BNi-2, BNi-5, and 
MAR-M 247. 
Powder Particle Size (µm) 
BNi-2 25.82 
BNi-5 10.75 
MAR-M 247 8.9 
 
 
The size distribution of the powders, however, are very different, as shown in Figure 4.1. 
BNi-2 has a nice even distribution of particle size so the particles should pack nicely with little 
gaps. BNi-5 and MAR-M 247 have a relatively wide distribution, from 1 to 100 micron. 
However, whatever the packing and distribution of the filler metal powder and MAR-M 247 will 
not have as much effect in the liquid state as in the solid state. When the filler metal becomes 
liquid, the MAR-M 247 particles will remain solid and redistribute within the liquid filler metal 
as it flows through the joint. 
 Even though the solid state distribution of powders has a smaller effect than in the liquid 
state, it is still important that the powders do not agglomerate. Figure 4.1 demonstrates that the 
two test runs (red and green color) for BNi-2, BNi-5, and MAR-M 247 follow the same curve, 
meaning that there is no agglomeration of the particles. This observation is especially important 
with the MAR-M 247 powder because a large clustering of the MAR-M 247 particles can cause 
two problems. The first issue is that the filler metal could not be able to fill the voids created by 
the MAR-M 247 powder. The second issue is that a cluster of MAR-M 247 results in a decrease 
in surface area for the liquid to wet to which could potentially cause a crater in the joint.  
 









Figure 4.1 Particle size distribution curves of (A) BNi-2, (B) BNi-5, and (C) MAR-M 247. 
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To characterize the mixing between the filler metal powder and the MAR-M 247 powder, 
a study was conducted to determine the optimum mixing time. Powder mixing has a cyclic 
behavior. In the beginning, the powders are segregated and inhomogeneous. Over a period of 
time, the powders mix and become fully homogeneous. This moment determines the optimum 
mixing time. Over mixing will cause the powders to again segregate becoming inhomogeneous. 
The powder mixes were examined after four mixing times: 30, 60, 90, and 120 seconds to 






Figure 4.2 Electron mapping of BNi-2 and MAR-M247 with a 50:50 ratio mixed at: 
(A) 30 seconds, (B) 60 seconds, (C) 90 seconds, and (D) 120 seconds. BNi-
2 contains iron denoted by the green dots. MAR-M 247 contains cobalt 
denoted by the blue dots. 
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Figure 4.2 shows the electron mapping analysis results of mixing BNi-2 with MAR- 
247 powder at a 50:50 ratio. BNi-2 powder contains about 3 wt.% iron designated by the green 
dots and MAR-M 247 contains about 10 wt.% cobalt designated by the blue dots. The larger 
particles are designated by green which corresponds to the large particle size for BNi-2. 
Similarly, the smaller particle size is shown in blue which corresponds to MAR-M 247. 
 At 30 and 60 seconds, there is clustering of BNi-2 and MAR-M 247. At 90 seconds, the 
smaller MAR-M 247 particles have started to surround the large BNi-2 particles which is more 
homogenous than at 30 and 60 seconds. At 120 seconds it looks as though the BNi-2 particles 
start to cluster again. Therefore, a mixing time of 90 seconds was selected as the optimum 
mixing time for the remaining braze alloys. Again, despite that the solid state powder distribution 
was optimized, when the commercial filler metal melts, the MAR-M 247 powder becomes 
redistributed within the liquid filler metal. 
 
4.2 Spreadability 
 Sessile drop experiments were used to determine the wettability and spreadability of a 
braze alloy. Wetting angle data obtained from the sessile drop technique can be used to predict 
how the braze alloys will flow into a joint and help to determine the proper application. For 
example, will the braze alloy better fill a wide gap or narrow gap? Will the braze alloy fill a 
narrow cavity or is it better served in a shallow groove? The sessile drop experiments used 
droplets of the braze alloy placed onto AISI 304 stainless steel coupons. The droplets were then 
brazed at 1200°C and 1232°C for 30 minutes.  
 An assumption was made that the braze alloys would reach the wetting equilibrium 
within 30 minutes.  J.C. Madeni and S. Liu conducted experiments demonstrating wetting angle 
as a function of time [76]. The equilibrium wetting angle for Co-based filler metals was achieved 
near 25 minutes. Therefore, 30 minutes was sufficient to reach the equilibrium wetting angle. 
 
4.2.1 BNi-2 Braze Alloys 
 The sessile drop cross sections of the different BNi-2 braze alloys are shown in Figure 
4.3. For alloys brazed at 1200°C, there is an increase in wettability with increasing BNi-2 
content which is liquid at this temperature. Since MAR-M 247 remains solid at 1200°C, the 
powder actually makes the liquid more viscous. At higher concentrations of BNi-2 (decreasing 
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MAR-M content) the flowability of the molten braze alloys improved. The lower amount of 40 
wt.% BNi-2 brazed at 1200°C exhibited a significant amount of porosity. The porosity forms 
from the organic binder which becomes gaseous at these elevated temperatures. The liquid must 
be fluid enough for the gas to escape. At 40 wt.% BNi-2, there was less of the liquid phase and 
the gas would be hindered by the MAR-M 247 particles which made the braze more viscous. 
Therefore, the gas would become entrapped. By increasing the BNi-2 content, the viscosity 
would decrease, allowing for the gas to escape. 
 At 1232°C, increasing the BNi-2 concentration increased wetting. The degree of wetting 
for alloys brazed at 1232°C is larger than alloys brazed at 1200°C because of greater 
superheating of the liquid. Compared with the liquidus temperature of BNi-2 is 999°C, the 
brazing temperature of 1232°C would have a superheating of ΔT1232°C = 233°C, as compared to 
ΔT1200°C = 201°C. The extra 32°C of superheat for the BNi-2 alloys would create a more fluid 
liquid for the droplet to wet to a larger area. Also, there is less visible porosity with alloys brazed 




40 wt.% BNi-2 50 wt.% BNi-2 60 wt.% BNi-2 
1200°C, 
30 min 
   
1232°C, 
30 min 
   
Figure 4.3 Light optical sessile droplet cross-sections of BNi-2 braze alloys brazed at 
1200°C and 1232°C for 30 minutes. 
  
The wetting angle of the braze alloys are plotted in Figure 4.4 and the values are shown 
in Table 4.3. This plot verifies that for both temperatures, increasing the BNi-2 content increases 
t = 30 min 
t = 30 min 
Erosion 
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the wettability. At 1232°C, the wetting angle was close to the equilibrium wetting angle for all 
braze alloys, which was close to 8°. At 1200°C, the wetting angle reached the equilibrium 
wetting angle of 8.3° at 60 wt.% BNi-2. For 40 and 50 wt.% BNi-2 the wetting angles were 
higher likely because of the increasing viscosity. These alloys have good overall wetting 









Ratio Wetting Angle (°) STDEV 
1200 
40 wt.% 30.3 5.2 
50 wt.% 13.0 0.5 
60 wt.% 8.3 0.5 
1232 
40 wt.% 9.0 0.4 
50 wt.% 7.5 0.8 





Sessile droplet wetting angle as a function of BNi-2 content brazed at 1200°C 
and 1232°C for 30 minutes. 
t = 30 min 
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Evidence of volumetric erosion of the stainless steel substrate which can be seen in the 
cross-sections in Figure 4.3 as a slight dip in the base metal/ filler metal interface. The erosion of 
the base metal is attributed to the interaction of the filler metal with the base substrate that 
alloying elements from the molten filler diffuse into the stainless steel. This phenomenon can 





Backscattered electron micrograph of 40 wt.% BNi-2 brazed at 1200°C for 30 
minutes demonstrating grain boundary penetration. The dashed line shows the 




Figure 4.6 (A) SEM micrograph of the grain boundary penetration in 60 wt.% BNi-2 brazed 
at 1200°C for 30 minutes. The red line shows where the line scan was collected. 
(B) Graph of chromium content as a function of distance.  The spike in chromium 























T = 1200°C 
t = 30 min 
Chromium T = 1200°C 
t = 30 min 
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 During the brazing process, it is possible for the liquid filler metal to migrate along the 
grain boundaries into the substrate. This process is called grain boundary penetration. Braze 
alloys containing BNi-2 exhibited this phenomenon as shown in Figure 4.5. Tie-Song et.al. 
found that Cr-rich and Ni-rich borides prefer to form along the grain boundaries. They explained 
that when the solubility limit boron is exceeded, it is more preferable to form within the grain 
boundaries. An energy dispersive x-ray spectroscopy (EDS) line scan was collected across the 
grain boundaries as shown in Figure 4.6A. The composition trace in Figure 4.6B shows the 
chromium content collected across the line scan. The spikes in chromium (labeled A-E) 
correspond to where the line scan intersects the grain boundaries (labeled A-E). This suggests 
that the liquid Cr-rich boride penetrated the grain boundaries. Boron diffuses into the grain 
boundaries, picking up nearby chromium from René 108 and BNi-2 to form a Cr-boride. The 
BNi-5 braze alloys do not contain boron and do not exhibit grain boundary penetration which 




Figure 4.7 Wetting angle as a function of filler metal ratio. The lighter hue designated the 
sessile droplets brazed at 1200°C and the darker hue designates the sessile 
droplets brazed at 1232°C.  
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 The degree of grain boundary penetration is shown in Figure 4.7 and the tabulated data is 
shown in Table 4.4. At 1200°C, grain boundary penetration was around 18 m. Increasing the 
amount of BNi-2 did not increase the grain boundary penetration. At 1232 °C, increasing BNi-2 
clearly increased grain boundary penetration. This behavior can be attributed to the increase in 
liquid and decrease in viscosity. The greater superheat caused the liquid to flow easier, and 
further, than at a lower temperature.  
It is important to note that this grain boundary penetration phenomenon did not occur 
with René 108 as the base substrate. The lower chromium concentration may explain the 
decrease in formation of Cr-rich borides in the René 108 alloy. It is beneficial that grain 
boundary penetration is not exhibited within René 108 because the Cr-rich borides are a brittle 




Average grain boundary penetration depth of BNi-2 braze alloy sessile 
droplets brazed at 1200°C and 1232°C for 30 minutes. 
Brazing Temperature 
(°C) 
Ratio Wetting Angle (°) STDEV 
1200 
40 wt.% 17.3 3.2 
50 wt.% 12.8 2.0 
60 wt.% 18.9 3.0 
1232 
40 wt.% 33.4 8.7 
50 wt.% 44.8 8.6 
60 wt.% 72.3 8.7 
 
4.2.2 BNi-5 Braze Alloys 
 The sessile drop cross sections of the different BNi-5 braze alloys are shown in Figure 
4.8. BNi-5 braze alloys show a similar trend as the BNi-2 braze alloys. Increasing the brazing 
temperature increased the wettability of the alloy because of the extra superheat applied to the 
alloys. The liquidus temperature of BNi-5 is 1135°C. At 1200°C, a 65°C superheat would be 
insufficient for wetting to the stainless steel substrate. Increasing the superheat increases the 
fluidity of the liquid BNi-5 filler causing the liquid to wet to a larger area. Increasing the BNi-5 
content increases the wettability. However, 1250°C is too high of a temperature to operate the 
brazing cycle because it can affect the base substrate microstructure of René 108 which is 
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undesirable. The MAR-M 247 powder would remain solid at these temperatures with a liquidus 
temperature of 1380°C. More additive powder would cause the liquid to be more viscous. 
Therefore, increasing the BNi-5 content, or decreasing the amount of additive powder, would 
increase the fluidity of the braze alloy by increasing the amount of liquid.  
 BNi-5 braze droplet contained a large amount of porosity, formed as a result of binder 
decomposition. Since these alloys are more viscous, the gas would become trapped in the liquid 
forming the large porosity. By increasing the fluidity of the braze alloy, the gas could escape 
which would lead to a decrease in porosity. By increasing the brazing temperature or increasing 
the BNi-5 content, there would be a decrease in porosity. 
 
Braze 
Temp, time 40 wt.% BNi-5 50 wt.% BNi-5 60 wt.% BNi-5 
1200°C, 
30 min 
   
1232°C, 
30 min 
   
1250°C, 
30 min 
   
Figure 4.8 
 
Light optical cross-sections of BNi-5 braze alloy sessile droplets brazed at 
1200°C and 1232°C. 
 
t = 30 min 
t = 30 min 
t = 30 min 
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 The wetting angle as a function of BNi-5 content is shown in Figure 4.9 and the values 
are shown in Table 4.5. The trends exhibited by the sessile drop cross-sections are verified with 
the plot. Increasing the brazing temperature increases the wettability of the BNi-5 braze alloys. 
The filler metal with 60 wt.% BNi-5 brazed at 1232°C and 1250°C have similar wetting angles 
of around 12°C which is most likely the equilibrium wetting angle. Increasing the BNi-5 content 





Figure 4.9 Wetting angle as a function of filler metal ratio. The lightest hue designated the 
sessile droplets brazed at 1200°C.The mid-range hue designates the sessile 
droplets brazed at 1232°C. The darkest hue designates the sessile droplets brazed 
at 1250°C. 
 
The shapes of the sessile drops from BNi-5 braze alloys did not resemble those from the 
BNi-2 braze alloys. The reason for this is segregation of the liquid BNi-5 from the bulk sessile 
droplet shown in Figure 4.10. The segregated liquid contained some MAR-M 247 powder which 
accounts for the Chinese script intermetallics. This is a backscattered electron micrograph of 
50 wt.% BNi-5 filler metal brazed at 1232°C for 30 minutes. The tail of the droplet developed 
-nickel as the matrix, a eutectic, and Chinese script intermetallic compounds. There are also 
t = 30 min 
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small pores found within the eutectic. The shape of the sessile droplet shows that there was 
separation of the liquid from the bulk sessile droplet which is undesirable because the separated 
liquid is no longer strengthened by the MAR-M 247 particles. Separation between the liquid and 
the MAR-M 247 particles was not observed in the bulk of the sessile drop.  
 
Table 4.5 Average wetting angle of BNi-2 braze alloy sessile droplets brazed at 
1200°C, 1232°C, and 1250°C for 30 minutes. 
Brazing Temperature 
(°C) 
Ratio Wetting Angle (°) STDEV 
1200°C, 30 minutes 
40 wt.% 140.1 5.6 
50 wt.% 54.0 3.2 
60 wt.% 24.9 1.8 
1232°C, 30 minutes 
40 wt.% 66.9 3.2 
50 wt.% 31.6 0.3 
60 wt.% 13.7 1.6 
1250°C, 30 minutes 
40 wt.% 20.88 4.3 
50 wt.% 18.7 1.8 





Backscattered electron micrograph of sessile droplet of 50 wt.% BNi-5 brazed at 
1232°C for 30 minutes. 
 
Liquid BNi-5, 
Low MAR-M 247 Conc. 
Liquid BNi-5, 
High MAR-M 247 Conc. 
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4.3 Microstructural Characterization 
 The solidification zones described by Pouranvari were observed in both the BNi-2 and 
BNi-5 braze alloys [47]. The BNi-2 braze alloys consisted of the diffusion affected zone, 
isothermal solidification zone and athermal solidification zone. The BNi-5 braze alloys however, 
only exhibited the isothermal solidification zone and athermal solidification zone. These zones 
will be discussed further in their respective sections. Thermo-Calc was used to predict the phases 
formed during solidification and electron dispersive x-ray spectroscopy (EDS) was used to 
determine the composition of the phases. Though EDS is not as accurate of a tool as some other 





Figure 4.11 Schematic of the brazing cycle demonstrating the solidus and liquidus 
temperature of BNi-2 and BNi-5 braze alloys. The dashed lines are the liquidus 
temperatures and the solid lines are the solidus lines. BNi-2 is shown in blue and 
BNi-5 is shown in red. 
 
 Isothermal solidification is an important stage of solidification for wide gap brazes. The 
degree of isothermal solidification will be different for BNi-2 filler metals and BNi-5 filler 
metals because of their different liquidus and solidus temperature. Figure 4.11 demonstrates 
where the solidus and liquidus temperatures of BNi-2 and BNi-5 are within the brazing cycle. 
  67 
 
The “diffusion hold” temperature is above the liquidus temperature of BNi-2. Therefore, if 
isothermal solidification is not completed within the diffusion hold, athermal solidification will 
occur upon cooling to the aging hold. Since the “diffusion hold” temperature lies between the 
solidus and liquidus temperature of BNi-5, athermal solidification occurs during cooling from 
the “brazing hold” to the “diffusion hold”. Within the “diffusion hold” the remaining liquid can 
be isothermally solidified. However, any remaining liquid will be athermally solidified upon 
cooling to the aging hold. Since the “diffusion hold” is within the two phase region, the degree of 
isothermal solidification will be smaller than the BNi-2 braze alloys. 
 
4.3.1 BNi-2 Braze Al loys 
 Pouranvari identified the solidification zones of transient liquid phase bonds as: the 
diffusion affected zone (DAZ), isothermal solidification zone (ISZ), and athermal solidification 
zone (ASZ) as labeled in Figure 4.12 [47]. During the “diffusion hold”, elements from the filler 
metal diffuse into the base metal. The interaction between the diffusing elements and the base 
metal forms precipitates that define the diffusion affected zone. The diffusion affected zone 
contains the base metal, René 108 alloy, with precipitation from the elements diffused in from 
the filler metal which tend to be borides. It is during the “diffusion hold”, that isothermal 
solidification is assumed to occur. Therefore, the diffusion of melting point depressants into 
René 108 causes isothermal solidification to occur near the edges of the joint.  
The isothermal solidification zone consists mostly of - ' and precipitates, most likely 
(W, Cr) borides from the diffusion affected zone. The brazing cycle did not allow for full 
isothermal solidification to complete. Therefore, upon cooling to the aging hold, athermal 
solidification occurs. Pouranvari's experiments were conducted in narrow gap braze joints and 
therefore his description of the athermal solidification zone did not include the isothermal 
solidification of the additive powders. The athermal solidification zone would contain the 
isothermally solidified grains, athermally solidified grains, and a eutectic constituent that was the 
last to form. The isothermally solidified grains would appear as circular grains within the 
metallographic cross-sections. The athermally solidified grains would appear as oblong grains 
and dendrites as shown in Figure 4.12. The eutectic constituent forms in the grain boundaries of 
the isothermally and athermally solidified grains.  
 




Figure 4.12 Backscattered electron micrograph of 40 wt.% BNi-2 with a brazing cycle 
following schedule 2. The right micrograph designates the different 




Figure 4.13 Light optical micrograph of 40 wt.% BNi-2 with a brazing cycle following 
schedule 2. (A) shows the macrograph of the braze joint and (B) demonstrates the 
measurements of the length (L) and width (W) of the grains. 
 
 The length and width of the grains were measured and Figure 4.13 demonstrates where 
the measurements were collected. The primary and secondary dendrite arms increased in size 
with increasing BNi-2 content. This increase can be attributed to the increase in liquid content 
that wasn’t isothermally solidified. However, due to the different types of solidification behavior 
DAZ BM ISZ ASZ 
T = 1232°C 






L 40 wt.% BNi-2 1232°C 
Dendrite Matrix grain 
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(isothermal solidification vs athermal solidification), there is a large variation in matrix grain 
size. This can also lead to the variation in distribution between the matrix grains and eutectic. 
Throughout the length of the braze joint, there was a non-uniform distribution of the liquid. An 
example of the non-uniform distribution is shown in Figure 4.14. The two light optical 
micrographs are samples taken from different locations on the same test plate: 40 wt.% BNi-2 
with a brazing cycle following schedule 2. It can be easily noted that the distribution of the 
eutectic and additive powder varies as well as the additive powder size. As expected, the 




Figure 4.14 Light optical micrographs of 40 wt.% BNi-2 with a brazing cycle following 
schedule 2. The two photomicrographs were taken from samples collected from 
the same braze plate, but at different locations. 
 
4.3.1.1 Thermo-Calc Simulations 
 The compositions used for Thermo-Calc calculations assumed that there was dissolution 
of the MAR-M 247 powder. The discussion uses 20% of the liquid contribution from MAR- 
247 and 80% contribution from BNi-2. Single point equilibrium points were collected in 10°C 
increments from the brazing temperature of 1200°C. As the liquid solidifies, the liquid enriches 
and rejects alloying elements as shown in Figure 4.15. During solidification, the liquid rejects 
chromium, silicon, tungsten, aluminum, hafnium, and molybdenum into the matrix. The liquid 
becomes enriched in iron, boron, cobalt, tantalum, titanium, and carbon. Complete solidification 
occurs at 1060°C. After 1060°C, diffusion of the elements occurs in solid state. Knowing which 
alloying elements enrich the liquid and which alloying elements are rejected form the liquid is 
40 wt.% BNi-2 1232°C 
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important in understanding the solidification behavior and phase formation of the braze alloys in 
later sections. 
 The phases predicted by Thermo-Calc are shown in Table 4.6. The table designates the 
name of the phase, the crystallographic symbols using the Pearson symbol and Strukturbericht 
symbols, the thermodynamic model, and the “possible phases”. The "possible phases" were 
determined by using the theoretical composition of the phase, the Ellingham diagrams (when 
available), and binary phase diagrams. FCC_L12#1 is the first phase to form and has an FCC 
crystal structure. This phase is rich in nickel and therefore is most likely γ-nickel. The 
composition also contains a large amount of aluminum and could therefore form γ'. 
 
  
Figure 4.15 Thermo-Calc model simulation showing elemental enrichment and rejection 
from the liquid during solidification.  
 
 There are two compositions produced by FCC_L12#2 which should have a structure 
similar to Cu3Au. At 700°C, the phase contains 93.4 wt.% tantalum, 6.2 wt.% carbon, with small 
amounts of nickel, tungsten, and chromium. Since this is most likely a carbide, the carbide 
Ellingham diagram shown in Figure 4.16 was used to determine which should be the most likely 
form. The diagram shows that Ta2C would form more readily than TaC. At 500°C, the phase 
contains 82.7 wt.% nickel, 8.7 wt.% silicon, 6.8 wt.% iron, 1.3 wt.% cobalt, and small amounts 
of tantalum, chromium, and tungsten. This phase could form a Ni3Si and Ni3Fe. The small 
amount of cobalt may exist in the form of solid solution in the nickel matrix.  
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 FCC_L12#3 has a composition of 83.6 wt.%%nickel, 9.9 wt.% silicon, 4.5 wt.% iron, 
and 1.5 wt.% cobalt with minor additions of tantalum, chromium, tungsten, and aluminum. This 
is similar to FCC_L12#2, except the expected crystal structure of FCC_L12#3 should be similar 
to NaCl. Therefore, the expected phases are NiSi, NiFe, or NiCo. The Ni-Fe and Ni-Co binary 
phase diagrams show that NiFe and NiCo do not form. Since there is a large amount of silicon, 
the phase that forms is most likely NiSi. 
 Thermo-Calc predicted M2B_TETR containing about 53.2 wt.% tungsten, 23.5 wt.% 
nickel, 7.2 wt.% boron, 5.8 wt.% chromium, 5.5 wt.% cobalt, 4.5 wt.% iron, with small amounts 
of molybdenum and tantalum. The crystal structure that forms is similar to CuAl2. Therefore, the 
predicted phases are W2B, Ni2B, Cr2B, Co2B, and Fe2B. According to the boride Ellingham 
diagrams shown in Figure 4.16, Co2B will form more readily than Fe2B. However, there are 
relatively small amounts of chromium, cobalt, and iron. Therefore, W2B or Ni2B will most likely 
form. 
 M3B2 is predicted to contain about 79.6wt.% tungsten, 13.1wt.% iron, and 5.1wt.% 
boron with small amounts of nickel, chromium, and molybdenum. The predicted crystal structure 
for M3B2 should be similar to Mo2FeB2. Considering that tungsten in the main constituent this 
phase is most likely W2FeB2. The W-Fe-B ternary phase diagram verifies that this phase can 
form. Molybdenum does not directly contribute to this phase because less than 1 wt.% is present. 
 Thermo-Calc predicted that MB2_C32 undergoes phase change during solidification. At 
higher temperatures, the composition is about 30wt.% titanium, 25wt.% boron, 25wt.% hafnium, 
and 15wt.% chromium, with small amounts of molybdenum and tantalum. Thermo-Calc predicts 
this phase to have a crystal structure similar to AlB2 and so this phase is most likely TiB2. The 
binary boride Ellingham diagram in Figure 4.17 shows that TiB will form more readily than 
TiB2. However, Thermo-Calc is a computation software able to conduct thermodynamic 
calculations for multi-component systems; therefore, TiB2 is chosen as the phase that formed. At 
1100°C the phase is enriched in hafnium and has a composition of about 30wt.% hafnium, 
28wt.% titanium, 24wt.% boron, and 17wt.% chromium with trace amounts of molybdenum and 
tantalum. The boride Ellingham diagram shows that HfB2 will form more readily than TiB2. At 
1070°C, the composition switches back to a TiB2. It is possible that at 1100°C TiB2 precipitated 
initially acts as a nucleation site for the HfB2 phase. Then at 1070°C TiB2 forms on HfB2 creating 
a layered (Ti, Hf) boride precipitate. 




Phases predicted by Thermo-Calc. The crystal structures and thermodynamic 
model were provided and the phases were identified based off composition, 
Ellingham diagrams, and phase diagrams. 
Name Pearson S. Bericht Thermodynamic Model Phase 
FCC_L12#1 cF4 Al  
(Al, Co, Cr, Fe, Hf, Mo, Ni, Si, Ta, Ti, 
W)0.75 
(Al, Co, Cr, Fe, Hf, Mo, Ni, Si, Ta, Ti, 
W)0.25 (B, C, VA) 
-nickel, 
' 
FCC_L12#2 cP4 L12 
(Al, Co, Cr, Fe, Hf, Mo, Ni, Si, Ta, Ti, 
W)0.75 
(Al, Co, Cr, Fe, Hf, Mo, Ni, Si, Ta, Ti, 




FCC_L12#3 cF8 B1 
(Al, Co, Cr, Fe, Hf, Mo, Ni, Si, Ta, Ti, 
W)0.75 
(Al, Co, Cr, Fe, Hf, Mo, Ni, Si, Ta, Ti, 
W)0.25 (B, C, VA) 
NiSi 
M2B_TETR tI23 C16 (Al, Co, Cr, Fe, Mo, Ni, Ta, W)2 (B) WB2, NiB2 
M3B2 tP10 D53 (Cr, Fe, Mo, Ni, W)0.4 (Cr, Fe, Ni)0.2 (B)0.4 W2FeB2 
MB2_C32 hP3 C32 (B)2 (Al, Cr, Hf, Mo, Ta, Ti) TiB2, HfB2 
MB_B33 oC8 B33 (Cr, Fe, Hf, Mo, Ni, Ta, Ti) (B) CrB 
NI3B_D011 oP16 D011 (Co, Cr, Fe, Mo, Ni)3 (B) 
Ni3B, Fe3B, 
Co3B 
TAU cF116 D84 
(Co, Hf, Ni)20 (B)6 (B, VA)6 




 Thermo-Calc predicted MB_B33 to form a crystal structure similar to BCr. The 
composition calculated by Thermo-Calc is about 81 wt.% chromium, 17 wt.% boron, and 
1.5 wt.% molybdenum with small amounts of iron and nickel. Unfortunately, the Ellingham 
diagram does not include chromium or molybdenum. Since Thermo-Calc calculates the main 
constituent as chromium, the phase is most likely CrB and molybdenum is probably in solid 
solution residing in chromium sites. This phase is known to be brittle and detrimental to joint 
properties.  
Thermo-Calc predicts Ni3B D011 to have a crystal structure of Fe3C. The predicted 
composition is about 81.7 wt.% nickel, 5.8 wt.% boron, 5.7 wt.% iron, 5.1 wt.% cobalt, 1.6 wt.% 
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chromium, with trace amounts of molybdenum. Therefore, the possible phases are Ni3B, Fe3B, 
Co3B, and Cr3B. 
 The last phases that Thermo-Calc predicted to form is TAU#1 and TAU#2 which have 
crystal structure similar to Cr23C6. The predicted composition of TAU #1 is about 87 wt.% 
nickel, 5.2 wt.% aluminum, 4.8 wt.% Boron, and small amounts of cobalt, tantalum, titanium, 
and hafnium. The thermodynamic model suggests that this phase is Ni20B6Al 3.TAU#2 contains 
about 82.2 wt.% nickel, 9.9 wt.% titanium, and 7.7 wt.% boron with small amounts of aluminum 
and cobalt. The thermodynamic model suggests that this is Ni20B6Ti3. 
 
Figure 4.16 Carbide Ellingham diagram used to determine the FCC_L12#2 phase. 





Figure 4.17 Boride Ellingham diagrams used to determine M2B_TETR and 
MB2_C32. 
  
4.3.1.2 Electron Dispersive X-ray Spectroscopy (EDS) 
 Scans were collected from 60 wt.% BNi-2 filler metal with a brazing cycle following 
schedule 2 as shown in Figure 4.18. The relative compositions of the phases are shown in Table 
4.7. The matrix grains tend to dendritically solidify as mentioned earlier. They contain the matrix 
(containing  and ’) and additive particles. The additive particle interaction zone consists of 
multiple phases: -nickel, ', and a W-rich intermetallic precipitate. A spot scan was collected 
within the matrix as shown in Figure 4.18A. The main constituent is nickel which suggests that 
the matrix is -nickel with solid solution strengthening elements like cobalt, iron, chromium, and 
silicon. Aluminum and titanium contribute to the ' precipitates instead of solid solution 
strengthening. There is a large amount of carbon detected within the matrix. It is believed that 
this carbon content is most likely located within the ' precipitates that formed very small 
carbides which is demonstrated in Figure 4.19. Within the ' precipitates there are white flecks of 
a smaller precipitate which is suspected to be a carbide. However, EDS is incapable in resolving 
precipitates this small. Finer characterization techniques must be included in future studies to 
identify this phase.  





Figure 4.18 Backscattered electron micrographs of 40 wt.% BNi-2 with a brazing cycle 
following schedule 2.  
 
















T = 1232°C 
t = 10 min 
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The eutectic constituent is comprised of - ’ located within the lamellae spacing and a 
Ni- rich phase which is brittle. The brittle Ni-rich eutectic phase will be called the brittle phase 
throughout the rest of this document. The spot scan collected for the eutectic was located on the 
brittle phase (lighter grey hue) than the matrix. Nickel is the main constituent of this phase and 
the other elements are most likely in the form of solid solution. However, small precipitates were 
revealed at higher magnifications as shown in Figure 4.20. Again, SEM is incapable to resolve 
the precipitates at this magnification and therefore future work is suggested to use higher 
resolution techniques to determine what the brittle eutectic constituent is comprised of. Since 
there is a significant amount of hafnium and cobalt, these elements can form the precipitates.  
Topologically closed packed (TCP) phases like σ and P tended to form in eutectic like 
structures as discussed by DuPont [11]. The eutectic like structures are enriched in chromium 
which aids in the formation of the TCP phases. Thermo-Calc simulations demonstrated that the 
liquid enriches in chromium. Since the eutectic constituent forms within the BNi-2, it is possible 
that the eutectic is a TCP phase such as σ or P. Elements like cobalt and chromium are in solid 
solution, however, the hafnium composition is close to a eutectic and this eutectic constituent 
Table 4.7 
 
EDAX results of the various phases. The compositions are given in 
weight percent. 
 
Element Matrix Eutectic AP (W,Cr)B 2 Cr-Rich W-Rich Ta-Rich 
B - - 1.08 0.61 0.96 0.86 - 
C 0.51 0.44 0.40 0.41 0.35 0.53 1.07 
O  1.08 2.00 2.85 3.36 1.25 1.10 
Al  4.89 1.24 0.65 - - - - 
Si 3.44 1.30 - - - - - 
Mo - - 1.62 3.04 2.72 3.52 - 
Ti 0.87 1.64 - - - - 11.88 
Cr 4.69 3.73 26.90 49.61 71.93 6.49 1.23 
Fe 1.43 1.27 1.34 0.82 - - 6.90 
Co 4.56 6.41 4.12 4.66 - 3.80 - 
Ni 79.62 75.25 19.76 13.75 4.27 12.56 - 
Hf - 7.63 - - - - - 
Ta - - - - - - 77.81 
W - - 42.13 24.26 16.41 70.99 - 
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could possibly be a type of Ni-Hf eutectic. However, a higher resolution technique should be 
used to verify what the eutectic constituent is. 
 The liquid enriches in chromium and two phases tend to form within the eutectic. The 
first Cr-rich phase exhibits a cuboid type morphology that is rich in tungsten and chromium. The 
cuboid phase in Figure 4.18A is rich in chromium, tungsten, and nickel. The interaction volume 
of the spot scan is unknown, but the nickel content is most likely contributed by the matrix. 
Looking at the Cr-W binary phase diagram, chromium and tungsten are interchangeable at their 
lattice sites. Chromium can replace tungsten at the tungsten sites and vice-versa. Therefore, this 
phase is probably (Cr, W). For EDS to detect boron, the concentration of boron has to be 






Secondary electron imaging micrograph of lightly etched 60 wt.% BNi-2 with a 
brazing cycle following schedule 2. The microstructure reveals  (light gray) and 
' (dark gray). There are white precipitates within ’ that are most likely carbides. 
T = 1232°C 
t = 10 min 
Carbides γ 
γ’ 
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Another phase found within the eutectic constituent has a dark wispy morphology shown 
in Figure 4.18B. This phase is rich in chromium, tungsten, and boron. Because there is a much 
smaller amount of tungsten and a larger amount of boron than the cuboid, this phase is most 
likely CrB. Tungsten is most likely in solid solution, replacing some of the chromium sites. The 
last phase that forms within or near the eutectic is a Ta-rich intermetallic that forms near the 
dendrite tips as shown in Figure 4.18C. This phase in rich in tantalum, titanium, iron, carbon, and 
chromium. Thermo-Calc predicted Ta2C which would form more readily than Ti2B or TiB.  
Large W-rich intermetallics tend to form within the interdendritic regions of the braze 
joint. These phases are rich is tungsten and nickel with small amounts of chromium, cobalt, 
molybdenum, boron, and carbon. This intermetallic is either a tungsten carbide or tungsten 
boride. Since there is a larger amount of boron detected in the composition this phase is most 
likely W2B or WB2 which was predicted by Thermo-Calc. Therefore, these large intermetallics 
are tungsten borides. The other constituents are probably in solid solution either replacing 
tungsten or boron sites. 
 
  
Figure 4.20 Secondary electron imaging micrograph of lightly etched 60 wt.% BNi-2 filler 
metal with a brazing cycle of schedule 2. The microstructure reveals - ' within 
the eutectic as well as small precipitates in the brittle eutectic constituent. 
  
The last phase is the additive particles within the center of the matrix grains as shown in 
Figure 4.18E. The composition consists mostly of tungsten, chromium, nickel, with small 
amounts of cobalt, aluminum, carbon, and boron. This means that these precipitates are 
contributed by MAR-M 247.It is believed that the MAR-M particles exhibit partial dissolution 
and cluster towards the center of the matrix grain. The diffusion of boron causes boron to interact 
γ 
γ' 
Brittle Eutectic Constituent 
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with tungsten to precipitate the small intermetallics. The volumetric interaction zone of the spot 
scan most likely sampled the matrix ( - ’) and the precipitates. Nickel and some of the other 
elements are actually part of the matrix and not the precipitate. This phase only appears in the 
BNi-2 braze alloys which suggests that boron affects the precipitation of these intermetallic 
compounds. As such, these particles are most likely tungsten boride. 
 
4.3.1.3 Effect of the Brazing Cycle on Microstructure 
 Joints were processed under the brazing cycle and interrupted after each stage. Figure 
4.21 shows the backscattered electron micrographs of 60 wt.% BNi-2 filler metal brazed at 
1200°C. The morphology of the phases was compared after each stage. The “brazing hold” 
occurred at 1200°C for 10 minutes and then furnace cooled. The matrix grains and eutectic 
constituent were evenly dispersed in the joint and the sizes of the phases were smaller than the 
phases that went through the “diffusion hold”. The matrix grains were smaller and did not 
contain any additive particles, just the matrix of  and ’. The eutectic constituents were also 
smaller. The distribution of the matrix and eutectic were evenly distributed. The lamellar spacing 
is finer during the “brazing hold” meaning that there is more of the brittle eutectic phase. The 
average of the larger - ' lamellar spacing is about 1.η µm. The Cr-rich phase was smaller 
compared to that observed in the sample that underwent “diffusion hold” and the W-rich 
intermetallic compounds have a Chinese script morphology. 
 
Brazing Hold Diffusion Hold Aging Hold 
1200°C, 10 min 
 
BH +1080°C, 2 hrs 
 
BH + DH + 871°C, 4 hrs 
 
Figure 4.21 Backscattered electron micrographs of 60 wt.% BNi-2 The braze alloys were 
interrupted after each stage: brazing hold (BH), diffusion hold (DH), and 
aging hold (AH). The alloys were brazed following schedule 1. 
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 The “diffusion hold” sample experienced a “brazing hold” of 1200°C for 10 minutes and 
a “diffusion hold” of 1080°C for 2 hours followed by furnace cooling. All the phases grew in 
size. The matrix grains grew and the W-rich phases precipitated within the additive particles to 
form the additive particle interaction zone (APIZ). The W-rich intermetallic compounds formed 
cuboid type morphologies instead of the Chinese script morphology. The size of the Cr-rich 
phase increased and the shape was more cubic than flaky looking. The eutectic constituent also 
changed in size and exhibited a finer lamellar structure. The average of the larger - ' lamellar 
spacing was about 2.0 µm. 
 The sample brazed through the entire brazing cycle is labeled as the “aging hold” which 
was brazed at 1200°C for 10 minutes, a “diffusion hold” of 1080°C for 2 hours, and an aging 
hold of 871°C for 4 hours and furnace cooled. Between the “diffusion hold” and the “aging hold” 
only slight differences were observed. The W-rich intermetallic compound morphologies 
remained the same and the additive particles that created the APIZ did not change in size or 
morphology. The primary and secondary matrix arms increased in length and in width during the 
aging cycle. The amount and size of eutectic remained about the same during the aging cycle 
after the “diffusion hold”. The amount of the brittle phase (from the eutectic constituent) did not 
change, though the average larger - ' eutectic showed lamellar spacing increasing to about 4.β 
µm. However, there are finer - ' eutectic with lamellar spacing of about 1.5 µm.  
 
4.3.2 BNi-5 Braze Alloys 
 The BNi-5 braze alloys contain the isothermal solidification zone (ISZ) and 
athermal solidification zone (ASZ) as shown in Figure 4.22. These alloys do not clearly exhibit a 
diffusion affected zone (DAZ) as the BNi-2 braze alloys because BNi-5 only contains silicon and 
therefore borides could not precipitate to form the DAZ. However, the isothermal solidification 
zone near the René 108 interface demonstrates that there was diffusion from BNi-5 into René 
108 to form the isothermal solidification zone. The “diffusion hold” temperature falls between 
the liquidus temperature (1135°C) and solidus temperature (1080°C) with schedule 2, however, 
schedule 1 has a “diffusion hold” temperature at the solidus temperature. Upon cooling from the 
“brazing hold” to the “diffusion hold”, the liquid is athermally solidified. Following schedule 1, 
the “diffusion hold” exhibits solid state diffusion. Following schedule 2, the “diffusion hold” is 
within the two phase regime of athermally solidified grains and the remaining liquid.  
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The isothermal solidification zone near the René 108 interface contained -nickel and '. 
The athermal solidification zone contains the matrix grains of -nickel and ’, a nickel silicide, 
and W-rich intermetallic compound. The nickel silicide and W-rich intermetallic compounds 
formed within the matrix grain boundaries. An issue with the brazed BNi-5 filler alloys was the 
large amount of voids that formed within the joint as discussed in Section 4.2. Some of the voids 





Figure 4.22 Backscattered electron micrograph of 40 wt.% BNi-2 brazed following schedule 
2. The right micrograph designates the different solidification zones of the 
brazement. 
 
4.3.2.1 Thermo-Calc Simulation 
 The compositions used for Thermo-Calc assumed that there was dissolution of the MAR-
M 247 powder. The discussion uses 15% of the liquid contribution from MAR-M 247 and 85% 
of the liquid contribution from BNi-5. Single point equilibrium points were collected in 10°C 
increments from the brazing temperature of 1200°C. As the liquid solidified, the liquid enriched 
and rejected elements as shown in Figure 4.23. During solidification the liquid would reject 
chromium, cobalt, aluminum, and carbon into the matrix while enriching in tungsten, hafnium, 
ASZ ISZ BM 
T = 1232°C 
t = 10 min 
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tantalum, titanium and molybdenum. Complete solidification would occur at 1040°C which 
means that BNi-5 braze alloys are liquid for a longer amount of time than the BNi-2 alloys. 
 The phases predicted by Thermo-Calc are shown in Table 4.6. The table designates the 
name of the phase that Thermo-Calc predicted, the crystallographic symbols using the Pearson 
symbol and Strukturbericht symbols, the thermodynamic model and the possible phases. 
FCC_L12#1-FCC_L12#3 have similar compositions and therefore the same phases: γ-nickel, γ', 
Ta2C, and NiSi. 
 
  
Figure 4.23 Thermo-Calc model simulation the elemental enrichment and rejection of the 
liquid during solidification. 
 
 Thermo-Calc predicted that C14_LAVES phase has a crystal structure similar to MgZn2. 
The predicted composition contains approximately 62 wt.% tungsten, 30 wt.% chromium, 
4.5 wt.% silicon, and small amounts of nickel, cobalt, titanium, iron, and tantalum. Again, 
tungsten and chromium have interchangeable lattice sites and a miscibility gap. Therefore, the 
laves phase for W-Cr is (W, Cr)1 + (W, Cr)2. There is a small amount of silicon that could form 
WSi2, but since this is such a small constituent, it is more likely the (W, Cr) Laves phase. 
 M23C6 carbides were predicted to form with a composition that contains 75.0 wt.% 
chromium, 19.2 wt.% molybdenum, 5.2 wt.% carbon, and small amounts of tungsten, nickel, 
cobalt, and iron. Since the major constituent is chromium, this phase can form Cr23C6. Since 
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there is also a significant amount of molybdenum, the thermodynamic model suggests that 
Cr20Mo3C6 can form. 
   
Table 4.8 
 
Phases predicted by Thermo-Calc. The crystal structures and thermodynamic 
model were provided and the phases were identified based off composition and 
Gibbs free energy. 
Name Pearson S. 
Bericht 
Thermodynamic Model Phase 
FCC_L12#1 cF4 Al  
(Al, Co, Cr, Fe, Hf, Mo, Ni, Si, Ta, Ti, 
W)0.75 
(Al, Co, Cr, Fe, Hf, Mo, Ni, Si, Ta, Ti, 
W)0.25 (B, C, VA) 
-nickel 
FCC_L12#2 cP4 L12 
(Al, Co, Cr, Fe, Hf, Mo, Ni, Si, Ta, Ti, 
W)0.75 
(Al, Co, Cr, Fe, Hf, Mo, Ni, Si, Ta, Ti, 
W)0.25 (B, C, VA) 
Ta2C 
FCC_L12#3 cF8 B1 
(Al, Co, Cr, Fe, Hf, Mo, Ni, Si, Ta, Ti, 
W)0.75 
(Al, Co, Cr, Fe, Hf, Mo, Ni, Si, Ta, Ti, 
W)0.25 (B, C, VA) 
NiSi 
C14_LAVES hP12 C14 
(Al, Co, Cr, Fe, Hf, Mo, Ni, Si, Ta, Ti, W)2 
(Al, Co, Cr, Fe, Hf, Mo, Ni, Si, Ta, Ti, W) 
(W, Cr)1 + 
(W, Cr)2 
WSi2 
M23C6 cF116 D84 
(Co, Cr, Fe, Ni)20  
(Cr, Cr, Fe, Mo, Ni, W)3 (C)6 
Cr23C6 
Cr20Mo3C6 
MU_PHASE hR13 D85 
(Al, Co, Cr, Fe, Mo, Ni, Ta, W)1  
(Al, Co, Cr, Fe, Mo, Ni, Ta, W)2 
(Al, Co, Cr, Fe, Mo, Ni, Ta, W)6 
(Al, Co, Cr, Fe, Mo, Ni, Ta, W)4 
(W,Cr,Ta) 
NiTa2W6Cr4 
BCC_B2 cI2 A2 
(Al, Co, Cr, Fe, Hf, Mo, Ni, Si, Ta, Ti, W, 
VA)0.5 
(Al, Co, Cr, Fe, Hf, Mo, Ni, Si, Ta, Ti, W, 
VA)0.5 (B,C,VA)3 
Cr 
SIGMA tP30 D8b 
(Al, Co, Cr, Fe, Mo, Ni, Si, Ta, Ti, W)10 
(Al, Co, Cr, Fe, Mo, Ni, Si, Ta, Ti, W)4 




Thermo-calc predicted that MU_PHASE with a crystal structure similar to W6Fe7 would 
form. The predicted composition contains about 62.8% tungsten, 23.9% chromium, 12.3% 
tantalum, and small amounts of nickel and molybdenum. The W-Cr phase diagram shows that 
only the Laves phase can form. The W-Ta phase diagram show the formation of (W, Ta) or 
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WTa. Neither of these is a Mu phase. From the ternary phase diagram, the phase that can form is 
(W, Cr, Ta). Since Thermo-Calc calculates for a multi-component system, the thermodynamic 
model suggests NiTa2W6Cr4. 
BCC_B2 is predicted to have a crystal structure of W though the thermodynamic model 
suggests that the phase could be a boride or carbide. The predicted composition contains about 
98.8% chromium with small amounts of tungsten, cobalt, silicon, molybdenum, nickel, and iron. 
Therefore, this phase is chromium with solid solution elements. This would not be an ideal phase 
to form because that would mean that chromium is being depleted from the matrix, thereby 
decreasing the corrosion resistance of the material. 
 Thermo-Calc also predicts the formation of SIGMA phase with a crystal structure similar 
to CrFe. The predicted composition contains about 52.2 wt.% molybdenum, 27.1 wt.% nickel, 
20.2 wt.% chromium, and small amounts of cobalt and iron. The potential phases that could form 
are Mo (Ni, Cr) or Cr0.18Mo0.42Ni0.40. The Cr-Mo-Ni ternary phase diagram shows that 
Cr0.18Mo0.42Ni0.40 will form. This latter phase is also detrimental because it is a topologically 
close packed structure which is brittle compared to the FCC type structures. 
 
4.3.2.2 Electron Dispersive X-Ray Spectroscopy (EDS) 
 Spot scans were collected from 60 wt.% BNi-5 filler metal brazed following schedule 2 
as shown in Figure 4.24. The relative compositions of the phases are shown in Table 4.8. The 
additive powder consists of -nickel and '. A spot scan was collected within the matrix as shown 
in Figure 4.24A. The main constituent was nickel which suggests that the matrix is -nickel with 
solid solution strengthening elements chromium, cobalt, and silicon. There was a significant 
amount of aluminum which would most likely contribute to the ' precipitation. There was a 
significant amount of chromium in solid solution. As such, the matrix grains were expected to 
have greater corrosion resistance. However, it is fortunate that a Cr-rich phase did not form 
because that would suggest the depletion of chromium from other phases and the reduction in the 
overall corrosion resistance. 
The nickel silicide contained about 56 wt.% nickel, 18.3 wt.% silicon, 11.0 wt.% 
hafnium, with small amounts of cobalt, chromium, titanium, and molybdenum. Thermo-Calc 
predicted the presence of NiSi so it is possible that NiSi formed with the other elements in solid 
solution. The presence of hafnium would explain the lighter pigmentation of the phase since it is 
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a heavier element, i.e. grater atomic mass, and would appear lighter under backscattered electron 
mode. However, it is unknown if the hafnium is in solid solution or if it is in any combined form.  
Other characterization techniques such as transmission electron microscopy should be used to 








Backscattered electron micrograph of 60 wt.% BNi-5 filler metal brazed 
following schedule 2. The alloy contains / ' in the matrix, a nickel silicide, 
and a w-rich intermetallic. 
  
 W-rich intermetallic compounds formed near the grain boundaries which were rich in 
tungsten, chromium, and nickel. Because of the small size of the intermetallic particles, it is 
plausible that the interaction volume of the spot scan sampled some of the matrix or nickel 
silicide. A significant amount of chromium was found, most likely in solid solution, replacing 
some of the tungsten at the tungsten sites. If W-rich intermetallic compounds formed near the 
grain boundaries, partial dissolution of MARM-M particles must have occurred, MAR- 
particles might have been pushed towards the matrix grain boundaries, near the liquid, during 
isothermal solidification. Thermo-Calc predicted that these alloys are liquid at lower 
temperatures and therefore it is possible for the MAR-M 247 particles to be rejected into the 
liquid.  
 
Matrix Ni-Si Rich 
W-Rich 
(A) 
(A) T = 1232°C 
t = 10 min 
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Table 4.9 EDAX results of the various phases. The compositions are 
given in weight percent. 
Element Matrix Ni-Si Rich W-Rich 
C 0.28 0.45 0.55 
O 1.23 1.18 1.51 
Al  2.35 - - 
Si 5.93 18.29 - 
Mo - 0.86 1.87 
Ti - 2.94 - 
Cr 13.49 6.28 17.98 
Co 4.46 3.10 2.04 
Ni 72.26 55.93 25.47 
Hf - 10.97 - 
W - - 50.57 
 
4.4 Phase Volume Percent 
 The phase volume fractions of the BNi-2 and BNi-5 braze alloys were calculated after 
changing the “brazing hold” and “diffusion hold” parameters. 
 
4.4.1 BNi-2 Braze Alloys 
 The BNi-β braze alloys contain a matrix that consists of  and ’, a eutectic constituent, 
additive particles, (W, Cr)-rich phase, W-rich intermetallic compounds, and Ta-rich intermetallic 
compounds. All the phases will be discussed, however the most important phases that are known 
to contribute to the bend strength are the matrix and eutectic constituent. 
 
4.4.1.1 Effects of the “Brazing Hold”  
 The experimental matrix conducted for the “brazing hold” helped to understand how the 
microstructure changed with the “brazing hold” temperature. The “brazing hold” schedules are 
shown in Table 4.10. Brazing schedule 1 had a lower “brazing hold” temperature (1β00°C) and 
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lower “diffusion hold” temperature (1080°C). Brazing schedule β had a higher brazing 
temperature (1βγβ°C) and higher “diffusion hold” temperature (1109°C). 
 
Table 4.10 Brazing cycle schedule for the “brazing hold” experiments. Schedule 1 had 
lower set temperatures and schedule 2 had higher set temperatures. 
Schedule Brazing Hold Diffusion Hold Aging Hold 
Schedule 1 1200°C, 10 min 1080°C, 2 hrs 871°C, 4 hrs 
Schedule 2 1232°C, 10 min 1109°C, 2 hrs 871°C, 4 hrs 
 
 Figure 4.25 shows the phase volume percent as a function of BNi-2 content. The graphs 
show the volume percent for alloys brazed at 1200°C and 1232°C for 10 minutes. The matrix 
volume percent as a function of BNi-2 content is shown in Figure 4.25A. For 1200°C, the matrix 
content decreased as the BNi-2 content increased. The superheat for the BNi-2 braze alloys at 
1200°C is ΔT1200°C = 201°C. It is likely that this temperature was insufficient to complete 
isothermal solidification and by increasing BNi-2, the amount of liquid increased, which 
decreased the amount of matrix. Another factor is that the “diffusion hold” was at a lower 
temperature (1080°C) which could also contribute to the lack of elemental diffusion to form 
more matrix. However, at 1232°C, increasing the BNi-2 content increased the amount of liquid. 
The amount of superheat during the brazing and “diffusion hold” was higher which provided 
more energy for elemental diffusion to complete isothermal solidification. 
 The amount of eutectic as a function of BNi-2 content is shown in Figure 4.25B. At 
1200°C, the amount of eutectic increased with increasing BNi-2 content. This trend relates back 
to the matrix discussion. If the amount of matrix decreased, the amount of liquid which 
composed the eutectic would increase. However, at 1232°C, this trend is not exhibited. The 
expected trend is that increasing the matrix with BNi-2 content would decrease the eutectic with 
increasing BNi-2 content. This is not the trend exhibited by Figure 4.25B. Forty and sixty weight 
percent BNi-2 had similar eutectic compositions while 50 wt.% BNi-2 filler metal had a higher 
volume percent of the eutectic.  
 










Phase volume percent as a function of BNi-2 content brazed following schedule 
1 and 2. (A) matrix, (B) eutectic constituent, (C) APIZ, (D), (W, Cr) 
Intermetallic, and (E) Cr-rich phase. 
t = 10 min t = 10 min 
t = 10 min t = 10 min 
t = 10 min 
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 The APIZ volume percent is shown in Figure 4.24C. At 1200°C the APIZ remained 
relatively constant when increasing the BNi-2 content which can be seen in Table 4.11. A slight 
increase in the APIZ for the 60 wt.% BNi-2 filler metal was observed. It is possible that the 
particles were tungsten borides as discussed in Section 4.4 and therefore an increase in boron 
diffusion of the MAR-M 247 powder could increase the amount of tungsten borides thereby 
increasing the APIZ. However, at 1232°C, the general trend was a slight decrease in APIZ with 
increasing BNi-2 content. The decrease in APIZ can be attributed to the decrease in MAR-M 247 
powder as well as an increase in the liquid. 
 The (W, Cr)-rich intermetallic compound and Cr-rich phase did not appear to have as 
large of an effect as the matrix, eutectic, and APIZ. However, the (W, Cr)-rich compounds and 
Cr-rich phases exhibit a trend similar to the eutectic. There is no visible change in the Cr-rich 
phase volume fraction between the different brazing temperatures. The (W, Cr) intermetallic 
compounds decreased with increasing BNi-2 content. By increasing the BNi-2 content, the 




Volume percent of the phases brazed at 1200°C and 1232°C for 10 minutes, a 
diffusion hold of 1080°C and 1100°C, respectively, for 2 hrs, and an aging hold 
of 871 of 4 hrs.  
Temperature Ratio Matrix Eutectic APIZ (W, Cr)-Rich Cr-Rich 
1200°C 
40 58.3 ± 3.5 12.0 ± 2.1 12.3 ± 2.9 12.4 ± 2.7 2.6 ± 0.7 
50 43.5 ± 2.3 32.7 ± 2.8 12.2 ± 2.2 4.9 ± 1.3 6.3 ± 1.2 
60 43.9 ± 7.3 27.2 ± 5.2 16.3 ± 5.5 7.4 ± 1.3 2.6 ± 1.2 
1232°C 
40 39.6 ± 5.7 17.5 ± 4.6 24.9 ± 5.3 3.6 ± 1.7 2.9 ± 1.4 
50 43.9 ± 3.3 35.6 ± 6.5 10.3 ± 4.0 5.1 ± 1.3 4.6 ± 0.8 
60 53.9 ± 4.1 17.5 ± 5.5 21.4 ± 4.6 3.5 ± 1.3 2.7 ± 1.4 
 
4.4.1.2 Effects of the “Diffusion Hold” Temperature 
 The effects of the “diffusion hold” parameters on microstructure were studied by holding 
the brazing temperature constant, but changing the “diffusion hold” temperature and time as 
shown in the brazing cycle schedules in Table 4.12. The “brazing hold” temperature was held at 
1232°C because alloys brazed at that temperature exhibited higher bend strengths and higher 
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angular deflections than alloys brazed at 1β00°C. The “diffusion hold” parameters operated at 
1100°C and 1121°C, for 2 hours and 4 hours. 
 
Table 4.12 Brazing cycle schedules for the “diffusion hold” experiments. Schedule 3 had 
lower set times and schedule 4 had higher set times. 
Schedule Brazing Hold Diffusion Hold Aging Hold 
Schedule 4A 1232°C, 10 min 1100°C, 2 hrs 871°C, 4 hrs 
Schedule 4B 1232°C, 10 min 1121°C, 2 hrs 871°C, 4 hrs 
Schedule 5A 1232°C, 10 min 1100°C, 4 hrs 871°C, 4 hrs 
Schedule 5B 1232°C, 10 min 1121°C, 4 hrs 871°C, 4 hrs 
 
Figure 4.26 shows the effects of the “diffusion hold” temperature (held for β hours) on 
the phase volume percent.  The data tabulated for the phase volume percent is shown in Figure 
4.14. The graphs show the volume percent for alloys brazed following schedule 3A and 3B. At 
1100°C there was a slight increase in the matrix grains with increasing BNi-2 content. By 
increasing BNi-2, the liquid was increased along with the melting point depressants which 
increased the amount of isothermal solidification of the matrix grains. At 1100°C, there is a 
higher matrix volume percent than those with a “diffusion hold” of 1121°C. The extent of 
diffusion assisted in the distribution between matrix and additive particles, decreasing the 
amount of matrix volume percent. At 1121°C, increasing the amount of BNi-2 also increased the 
matrix phase volume percent. As expected. The degree of increase is larger than at a “diffusion 
hold” of 1100°C.  
 It is expected that increasing the diffusion temperature would increase the amount of 
isothermal solidification of the liquid BNi-2 due to a larger superheat. However, alloying 
elements from the MAR-M 247 powder would also diffuse into the liquid and change the 
melting temperature of the liquid. Since BNi-2 contained a larger amount of boron, iron, and 
silicon than MAR-M 247 and therefore these elements would diffuse out of the BNi-2 liquid into 
the MAR-M 247 powder, raising the melting temperature and completing isothermal 
solidification. Elements such as aluminum, cobalt, chromium, carbon, hafnium, molybdenum, 
tantalum, titanium, and tungsten would diffuse out of the MAR-M 247 powder and into the 
BNi-2 liquid. According to M. Durand-Charre, cobalt and tungsten are the only elements that 
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raise the solidus temperature in nickel alloys [3]. W. Miglietti and M. Du Toit determined that 
hafnium is a suitable melting point depressant for nickel superalloys [77]. Therefore, the 
rejection of these elements into the liquid will not increase the melting temperature of the molten 
filler. Instead these elements might actually be lowering the melting temperature of the liquid. 
Therefore, increasing the “diffusion hold” temperature will allow for easier diffusion, but at this 
temperature MAR-M 247 might contribute more than at 1100°C.   
 
Table 4.13 Phase volume percent of BNi-β braze alloys with a “diffusion hold” time of 2hrs 
following schedule 3A and 3B. 




40 65.1 ± 6.2  23.3 ± 5.4  3.5 ± 1.1  4.6 ± 1.2  0.9 ± 0.5 1.9 ± 0.5 
50 68.9 ± 5.9  22.3 ± 5.3  3.0 ± 1.2  3.4 ± 1.7  1.1 ± 0.6  0.9 ± 0.8  
60 66.1 ± 4.5  25.0 ± 5.5  3.1 ± 1.5  4.0 ± 1.5  1.6 ± 0.4  0.2 ± 0.5  
1121°C 
40 60.0 ± 4.4  30.3 ± 4.7  1.4 ± 1.0  6.3 ± 4.2  0.9 ± 0.5  0.7 ± 0.7  
50 65.2 ± 8.6  28.4 ± 9.9  0.9 ± 0.7  3.5 ± 2.8  1.2 ± 0.9  0.1 ± 0.1  
60 69.5 ± 7.5  22.8 ± 7.3  0.9 ± 0.7 5.0 ± 3.7  0.9 ± 0.7  0.4 ± 0.8  
 
 The eutectic constituent volume percent is shown in Figure 4.26B.  At 1100°C, there was 
a lower amount of eutectic than alloys with a “diffusion hold” of 11β1°C. If the contribution of 
the MAR-M 247 particle was greater, increasing the temperature would increase the liquid. Since 
the eutectic is the last constituent to solidify, it would be directly related to the amount of 
remaining liquid upon cooling. However, the trends are different at the different temperatures. 
Increasing BNi-2 filler metal would increase the amount of liquid, and if isothermal 
solidification was not allowed to complete, there would be more of the eutectic constituent 
present. At 1121°C, increasing the BNi-2 content decreased the amount of eutectic constituent. 
This explanation would correlate well with the discussion of the MAR-M contribution. By 
increasing BNi-2, the elemental contribution of MAR-M 247 would decrease, thereby decreasing 
the amount of liquid.  








Figure 4.26 Phase volume percent of BNi-2 alloys brazed following schedules 3A and 3B. 
(A) matrix, (B) eutectic constituent, (C) APIZ, (D) (W, Cr) Intermetallic, (E) 
Cr-rich phase, and (F) Ta-rich phase. 
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 The APIZ volume percent is shown in Figure 4.26C. A “diffusion hold” of 1100°C 
produced a larger amount of the APIZ than a “diffusion hold” of 11β1°C. An increase in the 
“diffusion hold” temperature led to more diffusion of the elements contributed by MAR-M 247 
powder, including tungsten. Though tungsten is a relatively larger element than nickel and is not 
usually considered a fast diffuser, the high “diffusion hold” temperature actually promoted 
diffusion of tungsten within its diffusion temperature range (1100-1300°C). At the higher 
temperature more tungsten would diffuse into the liquid, reducing the amount of tungsten in the 
matrix grains for the formation of the APIZ. Increasing the BNi-β content at both “diffusion 
hold” temperatures decreased the APIZ 
The (W, Cr) intermetallic volume percent is shown in Figure 4.26D. Temperature had 
little effect on the formation of the (W, Cr) intermetallic. However, increasing the BNi-2 content 
decreased the (W, Cr) intermetallic volume percent. By increasing the BNi-2 content, the 
MAR-M 247 powder decreases which is where the tungsten comes from. This phase tends to 
form within the grain boundaries and is formed from the rejected tungsten. The expected trend is 
that as the liquid decreased, the eutectic also decreased which would decrease the amount of (W, 
Cr) intermetallic compounds and the Cr-rich phase. 
The Cr-rich phase volume percent is shown in Figure 4.26E. A “diffusion hold” of 
1100°C shows an increase in the Cr-rich phase with increasing BNi-2. The amount of eutectic 
increased with BNi-2 content and since the Cr-rich phase is a minor constituent of the eutectic, 
the Cr-rich phase would share the same trend. A “diffusion hold” temperature of 11β1°C 
decreased the amount of eutectic with increasing BNi-2 content and therefore decreasing the Cr-
rich phase as well. 
The Ta-rich phase is shown in Figure 4.26F. A “diffusion hold” temperature of 1100°C has a 
higher amount of Ta-rich phases than at 1232°C. Tantalum and carbon are both contributed by 
MAR-M 247 powder so decreasing the amount of MAR-M 247 would decrease the Ta-rich 
phase volume percent. 
 
 Figure 4.27 shows the phase volume percent as a function of BNi-2 content. The graphs 
show the volume percent for alloys brazed following schedule 4A and 4B. The matrix volume 
percent as a function of BNi-2 content is shown in Figure 4.38A. A “diffusion hold” of 1100°C 
produced lower matrix volume percent than alloys with a “diffusion hold” of 1121°C. This can 
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be attributed to the fact that there is more energy enabling diffusion to complete isothermal 
solidification at 1121°C. However, with a “diffusion hold” of 1100°C, increasing the BNi-2 
content increases the matrix volume percent. The increase in BNi-2 increased the liquid and 
melting point depressants while decreasing the elemental interactions from the MAR-M 247 
powder. This is a possible explanation for the increase in matrix with increasing BNi-2. Since the 
temperature is lower, the diffusion of the elements from MAR-M 247 powder would be more 
sluggish than at 1121°C. A “diffusion hold” of 1121°C shows that increasing the BNi-2 content 
decreased the matrix volume percent. The higher temperature seemed to provide enough energy 
for the elemental diffusion from MAR-M 247 into the liquid.  
 The eutectic constituent as a function of the BNi-2 content is shown in Figure 4.27B. As 
expected the eutectic showed the opposite trend of the matrix phase. A “diffusion hold” of 
1100°C produced more of the eutectic constituent than at 1121°C. At 1100°C less isothermal 
solidification was completed, meaning that the remaining liquid formed the eutectic. As the 
BNi-2 content increased the amount of eutectic decreased. The APIZ as a function of the BNi-2 
content is shown in Figure 4.27C. A “diffusion hold” of 1100°C produced more of the additive 
particles than at 11β1°C. At the lower “diffusion hold” temperature, there is less diffusion from 
the MAR-M 247 powder, thus retaining more tungsten in the additive powder to contribute to the 
APIZ. However, at the higher temperatures, greater partial melting of the MAR-M 247 powder 
reduced the formation of the additive particles while rejecting more tungsten into the liquid.  
 
Table 4.14 Phase volume percent of BNi-2 braze alloys with a “diffusion hold” time of 4 
hours following schedules 4A and 4B. 
Temperature Ratio Matrix Eutectic W-rich 
(W, Cr)-
Rich Cr-rich Ta-rich 
1100°C 
40 47.7 ±2.5  44.1 ± 3.2  1.6 ± 1.2  4.8 ± 0.8  0.6 ± 0.4 0.6 ± 0.3 
50 53.4 ± 8.8  38.9 ± 9.9  2.7 ± 1.7  3.6 ± 1.2  0.7 ± 0.5  0.3 ± 0.3 
60 72.3 ± 4.0  20.3 ± 5.0  2.7 ± 1.6  2.8 ± 1.0  1.2 ± 1.0  0.3 ± 0.4  
1121°C 
40 78.1 ± 3.0  13.7 ± 3.3  1.7 ± 0.6  4.9 ± 2.2  0.4 ± 0.2  0.5 ± 0.5  
50 73.2 ± 5.8  22.4 ± 5.3  0.7 ± 0.7  3.5 ± 2.2  0.9 ± 0.7  0.1 ± 0.2  
60 69.0 ± 9.7  23.6 ± 9.1  0.8 ± 0.4 5.5 ± 1.7  1.1 ± 0.9  0.0 ± 0.0  
 










Phase volume percent of BNi-2 alloys brazed at 1βγβ°C with a “diffusion hold” 
time of 4 hrs. (A) matrix, (B) eutectic constituent, (C) APIZ, (D) (W, Cr) 
Intermetallic, (E) Cr-rich phase, and (F) Ta-rich phase. 
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The (W, Cr) intermetallic is a minor constituent within the eutectic constituent and 
therefore should show similar trends. The (W, Cr) intermetallic phase percent as a function of 
BNi-2 content is shown in Figure 4.27D. A “diffusion hold” of 1100°C showed a decrease in the 
(W, Cr) intermetallic with an increase in BNi-β. A “diffusion hold” of 11β1°C shows a relative 
increase in the (W, Cr) intermetallic with increasing BNi-2. The eutectic volume percent 
converges with a mixing ratio of 60 wt.% BNi-β. The volume percent between the two “diffusion 
hold” temperatures are relatively the same and it is believed that temperature has little effect on 
the (W, Cr) intermetallic. This view is reasonable since tungsten is such a large atom and will not 
diffuse far at these temperatures. 
 The Cr-rich phase is a minor constituent within the eutectic constituent and should have a 
similar trend with the eutectic constituent. The Cr-rich phase as a function of BNi-2 content is 
shown in Figure 4.27E. The “diffusion hold” temperature had little effect on the volume percent, 
however, increasing BNi-2 increased the Cr-rich phase volume percent. Since the phase is 
suspected to be a chromium boride, the increase in BNi-2 increases the boron concentration to 
contribute to the Cr-rich phase. 
The Ta-rich phase as a function of BNi-2 content is shown in Figure 4.27F. A “diffusion 
hold” of 1100°C resulted in a higher Ta-rich volume percent than alloys with a “diffusion hold” 
of 1121°C. This behavior is unexpected because tantalum would come from the MAR-M 247 
powder and 1121°C would provide more energy to allow for diffusion. As the BNi-2 content 
increased the Ta-rich phase volume percent decreased. The tabulated data is shown in Table 
4.14. 
 
4.4.1.3 Effects of the “Diffusion Hold” Time 
 The effects of the “diffusion hold” temperature was observed in section 4.4.1.β. In this 
section, the effects of the “diffusion hold” time was analyzed. The samples were brazed 
following the “diffusion hold” schedules shown in Table 4.12. 
The phase volume percent for BNi-2 alloys brazed following schedule 3A and 4A are 
shown in Figure 4.28 and the data tabulated is shown in Table 4.15. The matrix volume percent 
as a function of BNi-2 content is shown in Figure 4.28A. A “diffusion hold” time of β hours has 
a higher matrix volume percent than alloys with a “diffusion hold” time of 4 hours. Of the 
60 wt.% BNi-2 sample had about the same volume fraction for the two “diffusion hold” times. It 
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appears that diffusion of the melting point depressants into the additive powder was insufficient 
to complete isothermal solidification and expand the matrix grains. Elements such as aluminum, 
cobalt, chromium, carbon, hafnium, molybdenum, tantalum, titanium, and tungsten can go into 
the liquid by partial melting and/or diffuse from the MAR-M 247 powder into the liquid BNi-2. 
Only cobalt and tungsten will raise the solidus temperature of the alloy. All other additions will 
either lower the solidus temperature or have no effect, thereby only increasing the liquid volume. 
Increasing the liquid or lowering the solidus temperature is expected to decrease the matrix and 
increase the eutectic amount. Therefore, a shorter “diffusion hold” would limit the amount of 
interdiffusion of the MAR-M 247 elements into the BNi-2. At 2 hours, increasing the BNi-2 
content almost had no effect on the matrix volume percent. The time appeared to be insufficient 
for MAR-M 247 powder to contribute to the liquid and yet sufficient for isothermal solidification 
to proceed. At about 65 to 75% matrix, the diffusion of elements to complete isothermal 
solidification might be too sluggish and this is almost at a steady state condition. At 4 hours, 
increasing the BNi-2 content increased the matrix which can be explained as a result of 
decreasing MAR-M 247 powder and reduction of elemental contributions from the MAR-M 247 
powder to the liquid. 
 
 
The eutectic volume percent as a function of BNi-2 is shown in Figure 4.28B. At the 
shorter “diffusion hold” time of β hours, increasing the BNi-2 content had no effect on the 
amount of eutectic volume percent. This suggests that the time is insufficient for MAR-M 247 
powder to contribute to the liquid and yet sufficient for isothermal solidification to proceed. By 
Table 4.15 
 
Phase volume percent for BNi-2 alloys brazed following schedules 3A and 4A with 
a “diffusion hold” temperature of 1100°C. 
Time (Hrs)  Ratio  Matrix  Eutectic  W-rich  (W, Cr)-Rich  Cr-rich  Ta-rich  
2 Hrs  
40 65.1 ± 6.2  23.3 ± 5.4  3.5 ± 1.1  4.6 ± 1.2  0.9 ± 0.5 1.9 ± 0.5 
50  68.9 ± 5.9  22.3 ± 5.3  3.0 ± 1.2  3.4 ± 1.7  1.1 ± 0.6  0.9 ± 0.8  
60  66.1 ± 4.5  25.0 ± 5.5  3.1 ± 1.5  4.0 ± 1.5  1.6 ± 0.4  0.2 ± 0.5  
4 Hrs  
40  47.7 ±2.5  44.1 ± 3.2  1.6 ± 1.2  4.8 ± 0.8  0.6 ± 0.4 0.6 ± 0.3 
50  53.4 ± 8.8  38.9 ± 9.9  2.7 ± 1.7  3.6 ± 1.2  0.7 ± 0.5  0.3 ± 0.3 
60  72.3 ± 4.0  20.3 ± 5.0  2.7 ± 1.6  2.8 ± 1.0  1.2 ± 1.0  0.3 ± 0.4  
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increasing the “diffusion hold” time to 4 hours, there is an increase in the amount of eutectic 
volume percent. By increasing the “diffusion hold” time, there is more dissolution or diffusion of 
the MAR-M 247 powder to increase the amount of liquid to contribute to the eutectic volume 
percent. At 4 hours, increasing the BNi-2 content decreased the amount of eutectic volume 
percent. 
 The APIZ volume percent as a function of BNi-2 content is shown in Figure 4.28C. A 
diffusion time of 2 hours resulted in a larger amount of the additive particles within the APIZ 
than alloys with a diffusion time of 4 hours. A “diffusion hold” time of β hours was deemed 
insufficient for tungsten to diffuse out of the additive particles into the liquid, which implied that 
more tungsten would be available to form the W-rich additive particles within the APIZ. 
However, for longer times, more tungsten could diffuse out of the additive particles to the liquid 
and form the large W-rich intermetallic compounds that solidified near the grain boundaries, 
thus, reducing the amount of tungsten in the APIZ to form the additive particles. 
The (W, Cr) intermetallic volume percent as a function of BNi-2 is shown in Figure 
4.28D. This phase tended to form near grain boundaries and close to the eutectic constituent. The 
“diffusion hold” of β hours and 4 hours produced similar volume percents of the (W, Cr) 
intermetallic compound. This observation seems to suggest that during solidification, similar 
amount of MAR-M 247 particles would be rejected to the grain boundaries and independent of 
the “diffusion hold” time. Increasing the BNi-2 content decreases the MAR-M 247 powder 
thereby decreasing the MAR-M 247 particles that contributed to the (W, Cr) intermetallic 
compound. 
 The Cr-rich phase volume percent as a function of BNi-2 content is shown in Figure 
4.28E. A “diffusion hold” time of β hours appeared to have produced more of the Cr-rich phase 
than at 4 hours. At both “diffusion hold” times, the amount of Cr-phase increased with increasing 
BNi-2 content. If the Cr-rich phase formed from the remaining liquid with the eutectic 
constituent, then increasing BNi-2 increases the amount of liquid which would increase the Cr-
rich phase. It would be fair also to state that data from the two “diffusion hold” times could be 
merged into one due to the scatter. 
  








Figure 4.28 Phase volume percent of BNi-2 alloys brazed at 1232°C for 10 minutes with a 
“diffusion hold” temperature of 1100°C. (A) matrix, (B) eutectic constituent, (C) APIZ, 












Phase volume percent of BNi-2 alloys brazed at 1232°C for 10 minutes with a 
“diffusion hold” temperature of 11β1°C. (A) matrix, (B) eutectic constituent, (C) APIZ, 
(D) (W, Cr) Intermetallic, (E) Cr-rich phase, and (F) Ta-rich phase. 
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The Ta-rich phase as a function of BNi-2 content is shown in Figure 4.28F. A “diffusion 
hold” time of β hours produced more of the Ta-rich phase than at 4 hours. A shorter time, more 
of the MAR-M 247 powder would be rejected into the liquid to form the Ta-rich phase. At longer 
diffusion times the composition would become more homogenous and more tantalum would be 
in solid solution rather than form the Ta-rich phase. This phase however is only minor at 1 to 2 
volume percent and has minor effect on the mechanical properties of the joint. 
 
 The phase volume percent for BNi-2 alloys brazed following schedule 3B and 4B shown 
in Figure 4.29 and the tabulated data is in Table 4.16. The matrix volume percent as a function of 
BNi-2 content is shown in Figure 4.29A. A “diffusion hold” of 11β1°C, the trends have reversed 
from a “diffusion hold” of 1100°C. A longer “diffusion hold” time increases the amount of 
matrix with the exception of 60 wt.% which contains about the same amount of matrix at both 
“diffusion hold” times. At 11β1° there is more superheat added to the system and therefore 
alloying elements can diffuse further than at 1100°C. By increasing the “diffusion hold” time, 
the matrix also increases. By increasing the “diffusion hold” temperature and time, more 
diffusion of the alloying elements occurs which suggests that there is an increase in isothermal 
solidification with increasing diffusion of the alloying elements. With a “diffusion hold” of β 
hours, increasing the BNi-2 content increases the matrix. 2 hours is insufficient for the diffusion 
of MAR-M 247 elements to diffuse into the liquid. 2 hours might not be enough time for the 
MAR-M 247 particles to be rejected towards the liquid. Since MAR-M 247 does not have as 
much influence within 2 hours, increasing BNi-2 increases the amount of melting point 
depressants while decreasing the MAR-M 247 contribution and therefore more isothermal 
solidification is completed which forms the matrix. At 4 hours however MAR-M has more time 
to contribute to the liquid, whether the particles are being rejected into the liquid or there is 
elemental diffusion into the liquid. This diffusion hinders the isothermal solidification process. 
Since increasing the BNi-2 content increases the liquid, and MAR-M 247 has time to hinder 
isothermal solidification, then the amount of liquid increases, which decreases the formation of 
the matrix. 
 The eutectic constituent as a function of BNi-2 content is shown in Figure 4.29B. A 
“diffusion hold” time of β hours has more eutectic constituent than at a “diffusion hold” of 4 
hours. This is because 2 hours was insufficient to further the completion of isothermal 
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solidification thereby leaving an increased amount of liquid. By increasing the BNi-2 content, 
more isothermal solidification was able to complete thereby reducing the amount of liquid which 
reduces the amount of eutectic constituent. A “diffusion hold” of 4 hours produced larger amount 
of matrix and therefore the remaining liquid is much smaller, meaning there is less eutectic 
constituent. By increasing the BNi-2 content more liquid was added to the system and with the 
hindrance of the elemental diffusion of the MAR-M 247 particles, isothermal was unable to 
complete with the increasing liquid which created more of the eutectic constituent. 
 
 
The APIZ volume percent as a function of BNi-2 content is shown in Figure 4.29C. The 
“diffusion hold” time does not have an effect on the formation of the APIZ. However, increasing 
the BNi-2 content decreases the amount of additive particles within the APIZ. By increasing 
BNi-2, there is a decrease in MAR-M 247 which contributes tungsten. Since tungsten is the main 
constituent of the additive particles, fewer particles will precipitate with a lower amount of 
tungsten. 
The (W, Cr) intermetallics as a function of BNi-2 content are shown in Figure 4.29D. The 
(W, Cr) intermetallics tend to form within the matrix grains and near the eutectic constituent 
meaning that this forms from the segregation of the MAR-M 247 particles from the center of the 
matrix that segregated towards the liquid. The trends are similar to the eutectic constituent, 
however the volume percent of the (W, Cr) intermetallic does not change between the two 
“diffusion hold” times. However, a “diffusion hold” of β hours shows a decrease in the (W, Cr) 
intermetallic volume percent with increasing BNi-2, due to the decrease in the liquid with 
increasing BNi-β content. A “diffusion hold” of 4 hours shows an increase in the (W, Cr)-rich 
Table 4.16 Phase volume percent for BNi-2 alloys brazed following schedule 3B and 4B. 
Time (Hrs)  Ratio  Matrix  Eutectic  W-rich  (W, Cr)-rich  Cr-rich  Ta-rich  
2 Hrs  
40 60.0 ± 4.4  30.3 ± 4.7  1.4 ± 1.0  6.3 ± 4.2  0.9 ± 0.5  0.7 ± 0.7  
50  65.2 ± 8.6  28.4 ± 9.9  0.9 ± 0.7  3.5 ± 2.8  1.2 ± 0.9  0.1 ± 0.1  
60  69.5 ± 7.5  22.8 ± 7.3  0.9 ± 0.7 5.0 ± 3.7  0.9 ± 0.7  0.4 ± 0.8  
4 Hrs  
40  78.1 ± 3.0  13.7 ± 3.3  1.7 ± 0.6  4.9 ± 2.2  0.4 ± 0.2  0.5 ± 0.5  
50  73.2 ± 5.8  22.4 ± 5.3  0.7 ± 0.7  3.5 ± 2.2  0.9 ± 0.7  0.1 ± 0.2  
60  69.0 ± 9.7  23.6 ± 9.1  0.8 ± 0.4 5.5 ± 1.7  1.1 ± 0.9  0.0 ± 0.0  
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intermetallic volume percent with increasing BNi-2, due to the increase in liquid with increasing 
BNi-2 content. 
 The Cr-rich phase shows the same trend as the eutectic constituent because the Cr-rich 
phase is a minor constituent of the eutectic. The Cr-rich volume percent as a function of BNi-2 is 
shown in Figure 4.29E. A “diffusion hold” of β hours has a slightly larger volume percent of the 
Cr-rich phase because there is more liquid with 2 hours. The amount of Cr-rich phase decreases 
with increasing BNi-β due to the decrease in liquid. A “diffusion hold” of 4 hours produces more 
of the Cr-rich phase with increasing BNi-2 content due to the increase in the eutectic constituent. 
There is a very small amount of the Cr-rich phase that forms so the contribution of the Cr-rich 
phase to strength is most likely negligible. 
The Ta-rich phase also has a very small volume fraction, as shown in Figure 4.29F, and 
therefore will not contribute to the strength as much as the matrix or eutectic. The effect of the 
“diffusion hold” time is negligible for this phase. However, increasing the BNi-2 content 
decreases the Ta-rich phase. This is attributed to the decrease in MAR-M 247 which contributes 
tantalum. 
 
4.4.2 BNi-5 Braze Alloys 
 The BNi-5 braze alloys have a simpler microstructure compared to the BNi-2 braze 
alloys. The microstructural features are the matrix that consists of  and ’, a nickel silicide, a W-
rich intermetallic, and voids. All features will be discussed, however, the most important features 
known to contribute to the bend strength are the matrix and voids. 
 
4.4.2.1 Effects of the “Brazing Hold” Temperature 
 The BNi-5 braze alloys followed the same brazing schedules as the BNi-2 braze alloys, 
shown in Table 4.10. Figure 4.30 shows the phase volume percent as a function of BNi-5 content 
and the data is shown in Table 4.17. The graphs show the volume percent for alloys brazed at 
1200°C and 1232°C for 10 minutes. The matrix volume percent as a function of BNi-5 content is 
shown in Figure 4.30A. Alloys brazed at 1200°C had a lower amount of the matrix phase than 
alloys brazed at 1232°C. By increasing the temperature, there is greater driving force for silicon 
to diffuse out of BNi-5 liquid into the MAR-M 247 powders which favored isothermal 
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solidification of the additive powders interaction zone. At both temperatures, increasing the 








Phase volume percent as a function of BNi-5 content brazed following schedules 
1 and 2. (A) matrix, (B) Ni-Si-rich phase, (C) W-rich phase, and (D) void 
volume percent. 
 
 The volume percent of nickel silicide is shown in Figure 4.30B. Increasing the BNi-5 
content i.e. the amount of silicon, increased the amount of nickel silicide. Technically, brazing at 
1232°C has a slightly larger amount of nickel silicides than brazing at 1200°C. 
 The volume percent of the small W-rich intermetallic compounds is shown in Figure 
4.30. At 1200°C, the general trend shows a decrease in the W-rich intermetallic compounds with 
increasing BNi-5; the data, however, showed significant scatter. The decrease in the W-rich 
t = 10 min 
t = 10 min 
t = 10 min t = 10 min 
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intermetallic compounds can be attributed to the increase in BNi-5 since tungsten came from the 
partial dissolution of MAR-M 247 particles. At 1232°C, the data scatter was less with better 
trend in correlation between BNi-5 and W-rich intermetallic compounds.  
 The variation of volume percent of void with BNi-5 addition is shown in Figure 4.30D. 
Alloys brazed at 1200°C produce larger amounts of porosity than alloys brazed at 1232°C. 
Again, the amount of superheat in the liquid can explain the behavior. As discussed in 
Section 4.3, 1200°C produced a more viscous liquid that entrapped gas within the braze alloy. 
By increasing the temperature, the liquid becomes more fluid allowing the gas to escape the 
molten braze. At both 1200°C and 1232°C, increasing BNi-5 decreased the amount of voids 
present in the joint. 
 
Table 4.17 Volume percent of the phases formed within the BNi-5 braze alloys brazed 
following schedules 1 and 2. 
Temperature Ratio Matrix Eutectic Ni-Si-Rich W-Rich Void 
1200°C 
40 72.0 ± 9.8 0.0 ± 0.0 4.6 ± 3.7 3.6 ± 1.5 19.5 ± 13.1 
50 75.8 ± 8.5 0.0 ± 0.0 5.9 ± 3.1 1.6 ± 1.4 16.3 ± 11.9 
60 84.4 ± 4.1 0.8 ± 1.7 9.1 ± 3.2 3.1 ± 1.4 2.2 ± 2.2 
1232°C 
40 73.7 ± 5.1 0.0 ± 0.0 5.1 ± 3.8 3.1 ± 2.0 17.6 ± 6.2 
50 84.5 ± 4.4 0.0 ± 0.0 8.0 ± 3.4 2.1 ± 0.7 4.9 ± 4.2 







Light optical micrographs of (A) 40 wt.% BNi-5 and (B) 50 wt.% BNi-5 brazed 
following schedule 1 after bend testing. 
  
B 
t = 10 min 
A 
t = 10 min 
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Since 40 wt.% and 50 wt.% BNi-5 contained a large amount of voids (up to 20%), these 
braze alloys were removed from further experiments. Figure 4.31 demonstrates the significant 
amount of voids that caused the removal of these brazes. Forty weight percent BNi-5, shown in 
Figure 4.31A, exhibits solidification shrinkage to cause a void to form at the bottom of the joint. 
It is believed to be caused by solidification shrinkage, because the shape of the braze alloy takes 
the shape of the void. And the bend strength was significantly reduced due to the void. Fifty 
weight percent BNi-5, shown in Figure 4.31B, also exhibits a large void that weakens the bend 
strength. 
 
4.4.2.2 Effects of the “Diffusion Hold” Parameters 
 The “diffusion hold” experiments only studied θ0 wt.% BNi-5. The effects of the 
“diffusion hold” temperature and time on the phase volume percent were studied. The brazing 
cycle followed the “diffusion hold” schedules in Table 4.12. 
 The phase volume percent for brazed 60 wt.% BNi-5 filler metal with the varying 
“diffusion hold” parameters are shown in Figure 4.32. The “diffusion hold” for β hours is shown 
in Figure 4.32A. The matrix volume percent was relatively the same for both 1100°C and 
1121°C. Table 4.18 shows the tabulated phase volume percent. The amount of eutectic increased 
with temperature, however, the eutectic constituent formed a thin film near the edges of the braze 
joint and the standard deviations showed that the eutectic volume percent is similar at both 
“diffusion hold” temperatures.  
 The Ni-Si-rich phase decreased with increasing “diffusion hold” temperature. The Ni-Si-
rich phase formed within the grain boundaries which suggests that the nickel silicide phase was 
the remaining liquid. At 1121°C, the diffusion of silicon into the matrix increased which would 
decrease the amount of silicon from the liquid, thereby reducing the Ni-Si-rich phase volume 
percent. 
 The W-rich intermetallic compounds increased with increasing “diffusion hold” 
temperature. These intermetallic compounds formed mostly in the grain boundaries.  That 
observation also suggests that during solidification, some of the MAR-M 247 particles were 
pushed towards the grain boundaries to form the W-rich intermetallic compounds. It is 
speculated that at 1121°C there would be more elemental diffusion from MAR-M 247 which 
would increase the diffusion of tungsten to contribute to the W-rich intermetallic compounds.  
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 The void volume percent decreased with increasing “diffusion hold” temperature. At 
1121°C, BNi-5 would be partially molten.  The increase in elemental diffusion from MAR- 
247 particles could potentially lower the melting temperature of the liquid to allow for the 
porosity to escape. It is important to note however, that the standard deviations of all the phases 
are sufficiently large to suggest that there is relatively no difference between the void 
concentration generated in the two “diffusion hold” temperatures. 
 
 The phase volume percent as a function of “diffusion hold” for 4 hours is shown in 
Figure 4.32B. The amount of matrix remained the same for both “diffusion hold” temperatures, 
suggesting that the “diffusion hold” temperature did not have as much of an effect on the 
isothermal solidification of this alloy. Since the “diffusion hold” temperatures were between the 
liquidus and solidus temperature, there would not be much liquid to isothermally solidify. It is 




Figure 4.32 Phase volume percent of 60 wt.% BNi-5 brazed following schedule 3A, 3B, 4A, 
and 4B. 
 
 The eutectic constituent volume percent also remained about the same for both “diffusion 
hold” temperatures. Though the eutectic constituent was detrimental to the mechanical properties 
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in BNi-2 brazes, the effects of the eutectic constituent on BNi-5 brazes were mostly negligible 
compared to the effects of voids in the braze joint. 
 The Ni-Si-rich phase exhibited an increase with increasing temperature. At 4 hours the 
extra time could allow for further diffusion of silicon to form the Ni-Si phase. Similar argument 
can be made for the W-rich intermetallic compounds. The intermetallic compound increased 
with increasing temperature due to the extra time for the diffusion of tungsten.  
 The amount of voids decreased with increasing temperature, a similar behavior as at 2 
hours. Again, the increase in superheat added more liquid to the system for the escape of 
entrapped gasses. The differences between temperature could be considered negligible due to the 
large standard deviations. 
 
Table 4.18 Phase volume percent of 60 wt.% BNi-5 brazed following schedule 3A-4B. 
Temp, time Ratio Matrix Eutectic W-Rich N-Si-rich Void 
1100°C, 2 hrs 60 85.1 ± 5.4  2.2 ± 2.9  0.9 ± 0.6  10.5 ± 4.6  0.2 ± 0.3  
1121°C, 2 hrs 60 85.4 ± 5.1  4.5 ± 4.7  1.9 ± 1.1 7.64± 3.5  0.1 ± 0.3  
1100°C, 4 hrs 60 86.5 ± 4.0  2.2 ± 2.3  0.9 ± 0.9  8.6 ± 5.2  1.2 ± 2.6  
1121°C, 4 hrs 60 86.0 ± 6.5  2.4 ± 5.3  1.4 ± 0.8 9.7 ± 3.3  0.1 ± 0.2  
 
4.5 Hardness Measurements 
 Microhardness measurements were collected in two ways. The “brazing hold” samples 
were collected by three microhardness traverses across each braze joint. The “diffusion hold” 
samples had microhardness maps collected within the braze joint. The microhardness traverses 
and mapping are discussed for the BNi-2 and BNi-5 braze alloys.  
 
4.5.1 BNi-2 Braze Alloys 
 The microstructural features within the BNi-2 braze alloys were large enough to allow for 
indenting individual phases such as the matrix and eutectic. Therefore, average microhardness 
measurements are reported for some of the phases within the BNi-2 braze alloys. Further 
examination of the hardness was performed with nanoindentation for the “brazing hold” and 




4.5.1.1 Microhardness Measurements 
Microhardness measurements were collected across the braze joint as shown in Figure 
4.33. The René 108 base metal experienced a slight increase in hardness by about 20 HVN with 
increasing braze temperature. The large spike in hardness for the alloy brazed at 1232°C was due 
to the indent pressing into the (W, Cr) intermetallic compound. Otherwise, the hardness was 
relatively the same for the braze alloys brazed at 1200 and 1232°C. However, the phases were 
large enough that it was possible to indent specific phases and the results are shown in Table 
4.19. The braze alloy matrix has a higher hardness value (420 HVN) than the base material (402 
HVN). The two phases that are of interest are the eutectic constituent and (W, Cr) intermetallic 
compound because they were both harder than the matrix or René 108 base metal. Higher 
hardness readings indicate a more brittle phase as demonstrated by Kim et.al [56]. The hardness 
measurements suggest that the eutectic or (W, Cr) intermetallic compound will be the brittle 
phase and detrimental to the mechanical properties. As stated by Jahnke and Demny, the crack 
initiates and propagates in the eutectic constituent [59].
 
 
Figure 4.33 Microhardness measurements collected across 40 wt.% BNi-2 braze joints brazed 
at 1200°C, denoted by the black circles, and 1232°C, denoted by the grey 
squares. 
 





Average microhardness measurements of phases in the BNi-2 
braze alloys. 
Phase Hardness (HV) 
René 108 402 
Matrix:  + ' 420 
Eutectic Constituent 597 
(W, Cr) Intermetallic 757 
 
 Microhardness mapping was performed on 40 wt.% BNi-2 filler metal brazed schedule 
4A and 4B as shown in Figure 4.3  The top left hand corner shows the indented microstructure 
with an overlay of the hardness contour results. The top right hand corner shows the indented 
microstructure. The bottom left hand corner shows a higher magnification of a region of interest 
that exhibited higher hardness. The bottom right hand corner shows the microhardness contour 
results with the hardness scale. 
 Figure 4.34A shows 40 wt.% BNi-2 braze with a “diffusion hold” of 1100°C. Most of the 
microstructure had a hardness between 400-450 HVN which corresponded mostly to the additive 
particle grains that contained the matrix and APIZ. The hardness between 500-550 HVN tended 
to correspond with indents on the eutectic constituent and matrix. The high hardness of about 
800 HVN sampled the (W, Cr) intermetallic which was discussed in previous sections to have a 
high hardness.  
 Figure 4.34B shows 40 wt.% BNi-2 braze with a “diffusion hold” of 1121°C. Similar to 
the sample with a “diffusion hold” of 1100°C, the microstructure mostly consisted of a hardness 
between 400-450 HVN which corresponded with the matrix grains. The hardness between 
500-550 HVN was distributed closer to the bottom of the joint compared to the sample with a 
“diffusion hold” of 1100°C. The thickness of the eutectic increased near the bottom of the joint. 
It could be that the indents made towards the top sampled more matrix than eutectic and at the 
bottom of the joint, the indents sampled more eutectic than matrix to read higher hardnesses. The 
high hardness of about 800 HVN sampled intermetallic compounds as shown in the high 









Figure 4.34 Harndess mapping results for 40 BNi-β brazed at 1βγβ°C with a “diffusion hold” 




Other than the distribution of the phases, the hardness values between the two alloys did 
not change much with temperature. The increased temperature increased the amount of 
isothermal solidification to create more matrix. The increased diffusion of the melting point 
depressants could have raised the hardness of the matrix grains. Aside from these two 
observations, little difference in the hardness values at the different temperatures were noticed 
indicating diffusion temperature did not have much of an effect on hardness. Instead temperature 
affected the phase formation and distribution. 
 
4.5.1.2 Nanoindentation Measurements 
 Nanoindentation was performed on 60 wt.% BNi-2 filler metal brazed following schedule 
2, to determine if there is a hardness gradient or hardness variation dependent on location within 
the braze. The average hardness and elastic modulus of the phases were measured and are shown 
in Table 4.20. The location of the indents and the corresponding hardness are shown in Figure 
4.35. As expected, the matrix exhibited a lower hardness and lower elastic modulus. 
Consequently, this phase is expected to be more ductile than the eutectic constituent. The indents 
that landed on the brittle eutectic constituent resulted in higher hardnesses. The indents that 
landed within the - ' lamellae also exhibited higher hardnesses than the matrix. One indent 
sampled the Cr-rich phase (dark phase) which exhibited the highest hardness of 22 GPa. This 
finding agrees with the literature which indicates that this is a brittle phase. One of the main 
issues surrounding nanoindentation is that it is unknown which are the phases that lay underneath 
the phase observed. Explanation for lower or higher hardnesses than expected could be that a 
softer or harder phase was beneath the indent. 
The average hardness and elastic modulus of the different phases are shown in Table 
4.20. There is a slight increase in the hardness for both the matrix and eutectic constituent from 
between the “brazing hold” and “diffusion hold” experiments. In general, the elastic modulus 
was higher for the “brazing hold” and decreased during the “diffusion hold”. This is certainly the 
result of compositional changes within the matrix and eutectic. Samples bend tested at room 
temperature and at 871°C showed a negligible difference in hardness values. This conclusion 









Secondary electron imaging micrograph of 60 wt.% BNi-2 brazed following 
schedule 3A. The sample was bend tested at room temperature. 
 
The micrograph showing the indent locations and corresponding hardness values are 
shown in Figure 4.36. The sample is 60 wt.% BNi-2 filler metal brazed following schedule 3A. 




Secondary electron imaging micrograph of 60 wt.% BNi-2 filler metal brazed 
following schedule 2. 
  
4.8 3.9 4.7 4.6 7.1 9.7 11.1 5.0 6.5 11.1 
4.6 4.9 4.9 4.9 11.4 12.1 5.4 5.4 11.5 5.8 
4.8 4.8 4.8 4.8 4.8 12.0 22.0 5.1 12.2 7.7 
5.5 4.9 4.8 4.6 5.7 12.0 8.2 5.7 5.7 12.3 




exhibited a small crack that propagated only through the brittle eutectic constituent which 
enforces the discussion from the brazing cycle that type 1 crack propagation only propagates 
through the brittle eutectic constituent. In fact, cracks will propagate through the large sections of 
the brittle eutectic and not through the finer lamellae spacing. The morphology of the eutectic 
and lamellae size will most likely affect the strength of the braze joint since the eutectic 
significantly determines the joint quality. 
 
Table 4.20 Average hardness and elastic modulus of the “brazing hold” (following 
schedule 2) and “diffusion hold” (following schedule 3A) samples of 60 wt.% 
BNi-2. 






Brazing Hold, 25°C Matrix 4.9 ± 0.4 204.7 ± 8.4 
Brazing Hold, 25°C Eutectic 11.6 ± 1.3 229.4 ± 7.7 
Diffusion Hold, 25°C Matrix 5.2 ± 0.2 183.7 ± 7.9 
Diffusion Hold, 25°C Eutectic 11.8 ± 0.8 208.7 ± 7.1 
Diffusion Hold, 871°C Matrix 5.6 ± 0.8 188.2 ± 6.9 
Diffusion Hold, 871°C Eutectic 12.0 ± 0.6 218.0 ± 10.4 
 
4.5.2 BNi-5 Braze Alloys 
 The microstructural features within the BNi-5 braze alloys were too small for the 
indentation of a single phase. Therefore, the microhardness measurements collected most likely 
sampled more than one phase. The effects of the “brazing hold” and “diffusion hold” on 
microhardness are discussed for the BNi-5 braze alloys. 
 
4.5.2.1 Microhardness Measurements 
 Microhardness measurements were collected across the braze joint as shown in Figure 
4.37. The samples were brazed following schedules 1 and 2. The individual phases were too 
small for the indent to sample the nickel silicide and w-rich intermetallic compounds. Therefore, 
an increase in hardness was likely due to the indent sampling two phases. As mentioned 
previously, a major difference for BNi-5 alloys when compared with the BNi-2 brazes was the 
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large amounts of voids within the brazement. The decrease in hardness was mostly due to the 
indent sampling a void. Visible pores were avoided during testing, but the pores hidden under the 
surface of the sample could not be avoided. This type of trend is typical for the BNi-5 braze 
alloys. The average hardness of the joint is around 450 HVN. The BNi-5 braze alloys had higher 





Microhardness indents collected across 60 BNi-5 braze joints brazed following 
schedule 1 and 2. 
 
An example of the microhardness mapping is shown in Figure 4.38. The matrix grains 
exhibited a higher hardness than the BNi-2 alloys. The average hardness of the matrix grains was 
between 450 and 500 HVN. The lower hardnesses were due to the indent sampling a pore. 
However, the large increase in hardness (smaller indents) was interesting. The top of the joint 
exhibited a eutectic constituent that had a higher hardness. Since cracks propagate near the edges 
of the joint, eutectic constituent that formed near the center of the braze joint would actually 
strengthen the joint. Other increases in hardness can be due to the sampling of Ni-Si or W-rich 
intermetallic compounds. Both can be present in the eutectic constituent.  
 The “diffusion hold” temperature is compared to the hardness in Figure 4.39 at 1100°C 
(A) and 11β1°C (B). Increasing the “diffusion hold” temperature reduced the average hardness of 
BM BM Braze 
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the matrix grains. An increase in elemental diffusion created a more homogeneous composition. 
A lower hardness in the matrix grains also reduced the strength of the joint. Fewer spots with 
higher hardnesses were observed, possibly because of the decrease in the eutectic constituent. 
There were also fewer areas with lower hardness readings due to the decrease in void volume 
percent. 
 Effects of the “diffusion hold” time is shown in Figure 4.39A and Figure 4.39C. The 
microhardness mapping results of 60 wt.% BNi-5 brazed following schedule 3Aexhibits an 
average matrix hardness is between 475 and 500 HVN. The regions with increased hardness was 
due to the indent sampling the eutectic constituent or the nickel silicide. Figure 4.39C shows the 
microhardness mapping results of the 60 wt.% BNi-5 filler metal brazed following schedule 4A. 
By increasing the “diffusion hold” temperature, the matrix grain hardness decreased to 4η0 and 
47η HVN. This decrease suggests that the samples with a longer “diffusion hold” time will have 













Figure 4.39 Microhardness mapping of 60 wt.% BNi-5 brazed following (A) schedule 3A, 
(B) schedule 3B, and (C) schedule 4A. 
 
4.6 Four-Point Bend Testing 
 Four-point bend tests were performed for the BNi-2 and BNi-5 braze alloys. Due to the 
complex geometry of the components, both tension and compression can be observed on the 
brazed joint. Simple tensile testing will not be able to characterize well the behavior of the braze 
joint. Four-point bending was performed because there is a uniform maximum stress between the 
two inner rollers. Fracture will locate within the braze joint independent of accurate positioning 
and alignment of the test specimen in the fixture. Since the braze joint fits within the uniform 
stress region, the relative position of the coupon in the rollers allows for some slight offset. 
 
4.6.1 BNi-2 Braze Alloys 
 It was observed for the BNi-2 braze alloys, that the eutectic constituent was detrimental 
to the bend strength and angular deflection. Therefore, the eutectic constituent volume fraction 
was used to predict the relative bend strength as a function of the mixing ratio. 
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4.6.1.1 Effects of the “Brazing Hold” 
 Bend strength to failure is shown in Figure 4.40A and the tabulated data is reported in 
Table 4.21. The strengths of each braze alloy followed a similar trend as the amount of the 
eutectic constituent as a function of the braze filler metal. Filler metal with 40 wt.% and 60 wt.% 
BNi-2 had a lower eutectic constituent volume percent and exhibited higher strengths. The 
higher amount of eutectic constituent in 50 wt.% BNi-2 filler metal also resulted in the joint to 
fail at a lower strength.  Brazing at 1232°C exhibited higher strengths than brazing at 1200°C. 
There are many factors that can cause alloys to have higher strengths when brazed at 1232°C. 





Figure 4.40 Light optical micrographs of 40 wt.% BNi-2 brazed schedule 2. The two 
photomicrographs were taken from samples collected from the same braze plate, 
but at different locations. 
 
 Another factor that could affect strength is the distribution of the eutectic and matrix 
grains. Figure 4.40 demonstrated that the distribution of the eutectic constituent and matrix 
grains are not homogenous and that can affect the mechanical properties. This type of analysis 
needs further analysis. Since the eutectic has a much higher hardness, it can contribute strength 
in the joint and cause the joint to act more like a composite. It is possible that the distribution of 
the eutectic and matrix grains can be optimized for an optimal joint strength. 
 All bend specimen data are plotted in Figure 4.41B. This graph shows that with an 
increase in angular deflection there is an increase in strength. The almost linear relationship 
seems to suggest that these alloys fractured within the elastic region. Indeed, no slip bands were 
40 wt.% BNi-2 1232°C 
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observed in the braze alloy during bending. However, slip bands were observed in the René 108 






Figure 4.41 BNi-2 braze alloys brazed following schedule 1 and 2. (A) Strength as a 
function of BNi-2 content and (B) strength as a function of angular deflection. 
 







40 587 ± 29 3 ± 0.4 
50 450 ± 59 2 ± 0.2 
60 610 ± 23 4 ± 0.1 
Schedule 2 
40 658 ± 101  4 ± 0.7 
50 532 ± 36 3 ± 0.4 
60 606 ± 29 4 ± 0.2 
 
4.6.1.2 Effects of the “Diffusion Hold” (Room Temperature) 
 Figure 4.42A shows the strength as a function of BNi-2 content for samples brazed at 2 
hours. A “diffusion hold” of 1100°C shows an increase in strength with increasing BNi-2 
content. The two phases that contributed most to the strength were the matrix and eutectic 
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constituent. The phase volume percent show that increasing the matrix and increasing the 
eutectic increased the strength for alloys with a “diffusion hold” of 1100°C for 2 hours. Though 
cracks initiate in the eutectic constituent, the phase did contribute strength to the joint. If the 
distribution of the eutectic and matrix are homogeneous, the strength of the joint would increase 
with increasing BNi-2 content. Future work should further investigate the effects of phase 
distribution on the mechanical properties. A “diffusion hold” of 1121°C showed a decrease in 
strength from 40 wt.% BNi-2 to 50 and 60 wt.% BNi-2. At 40 wt.% BNi-2 the matrix phase was 
lower than those in 50 and 60 wt.% and the eutectic constituent was higher at 40 wt.%. These 
findings suggest that the eutectic constituent added strength to the joint. Again, the phase 
distribution and/or the lamellae spacing of the eutectic could be affecting the strength and should 




Figure 4.42 Strength as a function of BNi-β content with a “diffusion hold” time of (A) β 
hours and (B) 4 hours. 
 
 The strength as a function of BNi-2 content for alloys with a diffusion hold of 4 hours is 
shown in Figure 4.42. Increasing the “diffusion hold” temperature to 11β1°C increased the 
strength of the joint, attributed to the higher amounts of the matrix phase and a lower amount of 
eutectic as compared to alloys brazed at 1100°C The mechanical data is found in Table 4.22. By 
increasing the “diffusion hold” temperature to 11β1°C, the strength increased. At 1100°C, 
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however, the strength increased from the “brazing hold” was conditional to the “diffusion hold” 
time. 
 The bend strength as a function of BNi-2 content are shown in Figure 4.43 and the 
tabulated data is show in Table 4.22. Figure 4.43A shows the BNi-2 braze alloys with a 
“diffusion hold” of 1100°C. A “diffusion hold” of 2 hours had higher bend strengths for 50 and 
60 wt.% BNi-2. The microhardness measurements demonstrated that the “diffusion hold” of 2 
hours produced a more uniform distribution of hardness than the “diffusion hold” of 4 hours. The 
observation seems to hint that the distribution of the phases contributed to the higher strength of 
the alloys. The 40 wt.% BNi-2, alloys with a “diffusion hold” of 4 hours showed a more uniform 




Figure 4.43 Strength as a function of BNi-2 content. Alloys were brazed following (A) 
schedule 3A and 4A and (B) schedule 3B and 4B. 
 
 The bend strength of the alloys with a “diffusion hold” temperature of 11β1°C is shown 
in Figure 4.43B. Alloys with a “diffusion hold” of 4 hours exhibited higher strengths than alloys 
with a “diffusion hold” of β hours. This behavior was likely the result of the lower amount of 
eutectic in these alloys. A more comprehensive investigation is recommended to determine more 
clearly the relationship between the individual steps of the brazing cycle, intermediate and final 
microstructure, and mechanical properties. Between the “brazing hold” and “diffusion hold” 
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parameters, an increase in strength was observed with the “diffusion hold” time of β hours, with 
the exception of the 40 wt.% BNi-β filler metal. However, a “diffusion hold” time only increased 
strength when the “diffusion hold” temperature was 11β1°C. 
 
Table 4.22 Average strength and angular deflection for alloys with a “diffusion hold” time 
of 2 hours and 4 hours. 
Temp, Time  Ratio  Strength (MPa)  Angular Deflection (°)  
1100°C, 2 hrs 
40  442.9 ± 49.8  1.8 ± 0.2  
50  613.4 ± 70.5 2.4 ± 0.2  
60  732.0 ± 76.7  3.0 ± 0.3  
1121°C, 2 hrs  
40  766.2 ± 60.9  3.3 ± 0.5  
50  587.8 ± 88.4  2.5 ± 0.3  
60  633.2 ± 66.5  2.4 ± 0.3  
1100°C, 4 hrs  
40  677.5 ± 120.8  3.0 ± 0.6  
50  479.5 ± 86.4 2.2 ± 0.4  
60  572.8 ± 77.0  2.6 ± 0.4  
1121°C, 4 hrs  
40  877.8 ± 157.9  4.4 ± 1.3  
50  602.3 ± 137.9  2.7 ± 0.6  
60  694.7 ± 87.7  3.4 ± 0.5  
 
4.6.1.3 Effects of the “Diffusion Hold” (Elevated Temperature) 
The samples that were four-point bend tested at elevated temperature exhibited lower 
strengths and lower angular deflection than those tested at room temperature as shown in Figure 
4.44. This behavior was unexpected because most metallic materials were expected to be more 
ductile at elevated temperatures. The decrease in ductility could be due to the embrittlement of 
intermetallic compounds or the depth of oxidation in the samples. A study of the ' precipitates 
might be helpful in understanding how the precipitates affected strength. As temperature 
increases, ' precipitates dispersed in the  matrix will strengthen the material which in turn can 
affect the ductility of the joint. The characterization methods used in this research did not have 
the resolution to determine how size or morphology of the ’ precipitates affected the strength. 
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Future studies should use higher resolution methods in the characterization of these minute 
precipitates. 
 There was a lot of scatter within the data for samples tested in this environment compared 
to room temperature. The “diffusion hold” experiments that were tested at room temperature and 
elevated temperature were collected from the same braze plate and machined in the same 
manner. Therefore, microstructure and sample geometry are most likely not the cause to the 





Strength as a function of angular deflection of 60 wt.% BNi-2 brazed following 
schedule 3A. 
 
4.6.2 BNi-5 Braze Alloys 
 It was observed for the BNi-5 braze alloys, that the voids were detrimental to the bend 
strength and angular deflection. Therefore, the void volume percent were used to predict the 
relative bend strength as a function of the mixing ratio. 
 
4.6.2.1 Effects of the “Brazing Hold” 
 Figure 4.45A shows bend strength as a function of BNi-5 filler metal content and 
Table 4.14 shows the average strengths of the braze alloys. Increasing the brazing temperature 
increased the bend strength as a result of increases in flowability and the removal of voids. 
Figure 4.35B shows the results of all the bend specimens of strength as a function of angular 
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deflection. As the angular deflection increased, bend strength in general increased. The 40 and 
50 wt.% BNi-5 filler metal brazed at 1200°C were an exception to this trend. These alloys 
experienced solidification shrinkage or contained large amounts of voids from other sources. As 
a result, re these specimens experienced large amounts of angular deflection without an increase 
in strength. An example of these alloys is seen in Figure 4.31. Both alloys contained large voids 
that dominated the mechanical properties.  The relationship between strength and angular 
deflection is not a linear relationship like it was for the BNi-2 braze alloys, indicating the onset 




Figure 4.45 BNi-5 braze alloys brazed following schedule 1 and 2. (A) Strength as a function 
of BNi-5 content and (B) strength as a function of angular deflection. 
 








40 170 ± 5 12 ± 0.4 
50 244 ± 40 4.0 ± 2.0 
60 713 ± 86 5.0 ± 1.0 
1232 
40 435 ± 97 2.0 ± 0.6 
50 705 ± 182  6.0 ± 3.0 
60 745 ± 99 5.0 ± 1.0 
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4.6.2.2 Effects of the “Diffusion Hold” (Room Temperature) 
 The strength of 60 wt.% BNi-5 under the various “diffusion hold” conditions are shown 
in Figure 4.46 and the tabulated data is shown Table 4.24. A “diffusion hold” of 1100°C 
produced higher strengths at both 2 and 4 hours than alloys with a “diffusion hold” of 1121°C. 
This can be attributed to the higher hardnesses of the alloys with a “diffusion hold” of 1100°C. 
At 1100°C, the brazing time exhibits significantly higher strengths at 2 hours than at 4 hours. At 
11β1°C the strength is the same which suggests that the “diffusion hold” time does not 
significantly affect the strength of these joints. The angular deflection increases with strength 
which suggests that these braze alloys are relatively brittle.  
 The only condition that increased the strength is a “diffusion hold” of 1100°C held for 2 
hours. All other conditions had a lower stength and angular deflection than the “brazing hold” 
alloys. However, the scatter in data is much larger. The reason for this scatter is due to the 
variation of voids from one sample to the other sample. Even at 60 wt.% BNi-5 brazed at 
1232°C, there were wetting issues of the braze alloy in the groove. X-ray radiography revealed 
large sections were the braze did not fully wet to the surfaces. This is an issue in terms of 
reliability. Even if the strength is greatly increased, the BNi-5 braze alloys have more voids than 
the BNi-2 braze alloys. 
  
 

















2 1100 1840.8 ± 574.3  13.0 ± 14.1  
2 1121 574.3 ± 258.2  2.6 ± 1.1  
4 1100 700.4 ± 195.5  3.3± 1.3  
4 1121 579.2 ± 86.2  2.4 ± 0.4  
 
 
Figure 4.47 Strength of the 60 wt.% BNi-η braze alloys at the various “diffusion hold” 
parameters. 
 
 The bend strength of the BNi-5 braze alloys are shown in Figure 4.47 and the data 
tabulated in Table 4.25. At 1100°C, a shorter “diffusion hold” time increased the strength 
because of the smaller matrix grain size. Increasing time allowed for the matrix grains to grow. A 
“diffusion hold” of β hours produced a grain size of approximately a 10 µm diameter while 
increasing the time to 4 hours doubled the grain size. The smaller grain size increased the 
strength of the joint.  
Voids also affected the strength. As stated previously, the void volume percent would not 
be representative of the entire braze joint and therefore different areas could have a different 
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volume percent of voids. At 1121°C the average grain size is about 8 µm in diameter for both 2 




Average strength and angular deflection of 60 wt.% BNi-5 brazed at 1232°C for 
10 minutes, with the various “diffusion hold” parameters, and an aging hold of 









1100 2 1840.8 ± 574.3  13.0 ± 14.1  
1100 4 700.4 ± 195.5  3.3± 1.3  
1121 2 574.3 ± 258.2  2.6 ± 1.1  
1121 4 579.2 ± 86.2  2.4 ± 0.4  
 
4.6.2.3 Effects of “Diffusion Hold” (Elevated Temperature) 
 60 wt.% BNi-5 brazed following schedule 3A. The crack propagation behavior did not 
change at the elevated temperatures. Cracks still followed type 2 and type 3 crack propagation. 
However, the strength and angular deflection decreased at elevated temperatures as shown in 
Figure 4.48. The expected trend is for strength to decrease and ductility to increase. S. 
Antolovich and R. Baur performed low cycle fatigue on René 80 [78]. They found that oxygen 
penetrates into the grain boundaries and act as crack initiation sites, but this does not affect the 
strength or ductility of the joint. They also observed that during elevated temperature testing, 
larger ' precipitates coarsened and the smaller ' precipitates disappeared. However, the times at 
which the BNi-5 samples were held are much shorter and therefore no change was observed in 
the size and morphology of the ' precipitates from room temperature to elevated temperatures. It 
is possible that the angular deflection is not a good correlation to the ductility when the materials 
are so brittle or held at elevated temperatures.  
 There is less scatter in the data than BNi-2. However, compared to the scatter of samples 
4-point bend tested at room temperature there is a large amount of scatter in the data. The large 
degree of scatter does not form due to the microstructural variation. The samples tested at room 
temperature and elevated temperature were cut from the same braze plate. That means that the 
bend specimens were mixed, brazed, and prepared the exact same way and during the same time 
period. The scatter in data due to microstructure were not as exaggerated at room temperature as 
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the scatter seen at elevated temperatures. Therefore, variations in microstructure are most likely 





Strength as a function of angular deflection of 60 wt.% BNi-5 brazed following 
schedule 3A. 
 
4.7 Braze Alloy Crack Behavior 
 The BNi-2 and BNi-5 braze alloys exhibited three types of crack behavior. A schematic 
of the crack behavior is shown in Figure 4.49. Type 1 crack behavior was observed to occur 
within the thicker eutectic films with the crack initiating within the eutectic constituent and 
propagating through the eutectic constituent. Type 2 crack behavior would occur within the 
thinner eutectic films or propagate along the grain boundaries in the absence of a eutectic film. 
The crack would initiate near the eutectic and propagate through the eutectic/ matrix interface. If 
the eutectic was dispersed, or did not exist, the crack would propagate through the matrix grain 
boundaries. Type 3 crack behavior is a multi-mode crack propagation. The crack would initiate 
due to defects such as voids and coalesce with voids along the crack path. However, the crack 





Figure 4.49 Crack propagation behavior of the BNi-2 and BNi-5 braze alloys. 
 
4.7.1 BNi-2 Braze Alloys 
 The BNi-2 braze alloys could exhibit Type 1, 2, or 3 crack behavior. However, since 
there were fewer defects within the BNi-2 braze alloys, more frequently type 1 and/or type 2 
crack behavior was observed. The discussions below demonstrate the three types of crack 
behavior for the BNi-2 braze alloys. 
4.7.1.1 Effects of the “Brazing Hold” 
 Digital image correlation was used to monitor the bend tests performed on the BNi-2 
braze alloys. The results are shown in Figure 4.50. The graph in the upper left hand corner 
displays the calculated major strain collected along the black line shown in the top right hand 
corner map.  The bottom left hand corner is a light optical micrograph of the brazement. The 
speckles are alumina particles which were meant to add extra contrast. The light grey designates 
the matrix grains and the dark grey designates the eutectic constituent. The micrograph is 
oriented with the bottom in tension and the top in compression. The bottom right hand image is 
an overlay of the major strain on top of the micrograph to show the microstructure that 
experienced higher or lower strains. The blue hue highlights the matrix grains which experienced 
the lowest strains. The green hue highlights the eutectic constituent that experienced a higher 
strain than the matrix grains. The orange hue highlights porosity which act as a stress 
concentrator. The long red region shows that large strain concentrated on the eutectic constituent. 










Figure 4.50 Digital image correlation results of 50 wt.% BNi-2 brazed following schedule 1. 










Figure 4.50A shows the major strain right before crack initiation. In fact, there might 
have been some microcracks that were not visible at this magnification but could have caused the 
program to calculate the higher strains. Figure 4.50B shows the major strain after crack 
propagation through the eutectic constituent. There are many empty spots (holes) within the 
major strain overlay due to the loss of the alumina particles. DIC was able to locate the major 
strain before crack initiation, but it was unable to capture the entire crack propagation path due to 
the limitations of the capacity of the cable connecting the camera and software. 
 
 
Figure 4.51 Light optical micrograph of 60 wt.% BNi-2 brazed following schedule 1 after 
bend testing. The crack path is within the eutectic constituent. 
 
 There are three types of crack initiation and propagation observed in this work: (1) Crack 
initiation within the brittle eutectic constituent that propagated straight through the eutectic 
constituent, (2) crack initiation at the matrix/eutectic interface when the eutectic films were thin, 
the, and (3) crack initiation driven by a defect. DIC revealed the first type of crack initiation and 
propagation. Another example of this type of crack is shown in Figure 4.51. The crack did not 
propagate between the eutectic constituent and matrix grain. Eutectic constituents were observed 
on both sides of the crack which suggests that the crack only propagated through the eutectic 
constituent and not along the matrix/eutectic interface. These types of cracks propagated through 
thick eutectic films near the edges of the joint. It is possible to have a crack behavior of mixed 
type. This is observed with type 3 crack behavior. The crack will propagate through type 1 or 






If a joint contained a very thin, discontinuous eutectic film on one side of the braze and a 
thicker eutectic film, like that shown in Figure 4.52, on the other side, the crack will prefer to 
form through the thick film. Cracks prefer to propagating within a brittle phase. With a 
discontinuous string of eutectic, the crack would have to propagate from grain to grain to 






Figure 4.52 Light optical micrograph of 40 wt.% BNi-2 brazed following schedule 2. The 
micrographs show the discontinuous string of the eutectic film. 
 
The second type of crack propagation is through the matrix/eutectic interface. This type 
of crack would occur if both sides of the joint contained a discontinuous string of the eutectic 
film, as shown in Figure 4.52. The crack initiated at the top of the joint at the matrix/eutectic 
interface and propagated through the interface. When the eutectic was not present, the crack 
would propagate through the grain boundaries. The crack path is highlighted by the dashed 
yellow line in Figure 4.52B and the actual crack path is denoted in Figure 4.52C.  
The third crack would initiate towards the side with a major defect. The crack would 










Figure 4.53 Light optical micrograph of 40 wt.% BNi-2 brazed following schedule 1. (A) 
The joint before bend testing. The arrow designates the defect. (B) The joint 
after bend testing exhibiting the crack propagation path. 
 
4.7.1.2 Effects of the “Diffusion Hold” 
 The edges of the joint represent regions of transition between a ductile base metal to a 
less ductile braze metal, developing a sharp property gradient. It is reasonable to expect stress 
concentrations to develop within the eutectic film region. Therefore, cracks would propagate 
near the edge. For BNi-2 braze alloys, the eutectic constituent formed a continuous film along 
the isothermal solidification zone during the “brazing hold” experiments as shown in  
Figure 4.54A. The continuous eutectic film would allow for the crack to propagate easily, 
straight along the film. The “diffusion hold” experiments created a different eutectic morphology 
near the isothermal solidification zone. Matrix grains began to nucleate off the isothermal 
solidification zone, causing the eutectic liquid to backfill between the grains, shifting the 
continuous eutectic film away from the edges of the joint as shown in  
Figure 4.54B. With the shift of the continuous eutectic film, the crack initiation site and 
propagation path also moved away from the edge. 
The crack propagation continued to follow the 3 types of crack propagation described 
earlier; however, the crack initiation site and propagation path changed by changing the 
“diffusion hold” parameters. An example is shown in Figure 4.55 of 50 wt.% BNi-2 brazed 
following schedule 4A. This sample exhibited type 1 and type 2 crack propagation though the 
eutectic constituent. The crack initiated in the center of the eutectic, but the crack followed along 
the eutectic constituent/matrix grain interface for portions of the crack path. The crack also 
jogged through the center of the eutectic to join back with the eutectic constituent/matrix grain 
interface. For this reason, the “diffusion hold” alloys exhibited type 1 and type β cracks. The 
A B t = 10 min t = 10 min 
 134 
 
path is more torturous than those exhibited in the “brazing hold” experiments which followed a 
straight path down the eutectic constituent. Also, the crack propagated a little closer to the center 
of the joint which indicates that the isothermal solidification zone/ athermal solidification zone 








Example of the eutectic morphology near the isothermal solidification zone 











Figure 4.55 Light optical micrograph of 50 wt.% BNi-2 brazed following schedule 4A. 
 
4.7.2 BNi-5 Braze Alloys 
 Since the BNi-5 braze alloys rarely contained a eutectic film, the cracks mostly followed 
a mixed mode behavior of type 2 and type 3 crack behavior. However, when the eutectic did 
form, the crack would follow type 1 and type 3 crack behavior. The discussions below 
demonstrate the types of crack behaviors observed within the BNi-5 braze alloys. 
4.7.2.1 Effects of the “Brazing Hold” 
 An example of the crack propagation is shown in Figure 4.56 of 60 wt.% BNi-5 filler 
metal brazed following schedule 2. The BNi-5 alloys did not contain large eutectic films as in the 
BNi-2 braze alloys. Therefore, these alloys did not exhibit type 1 crack propagation. The cracks 
were observed to propagate through the grain boundaries of the isothermal solidification zone 
and athermal solidification zone, which was reminiscent of the type 2 crack propagation. These 
braze alloys also contained major defects that led to type 3 crack propagation. Figure 4.56A 
shows 60 wt.% BNi-5 filler metal brazed following schedule 2. There were small voids dispersed 
throughout the braze joint and two large voids at the edge and near the bottom of the joint. 
Figure 4.56B shows the 60 wt.% BNi-5 braze after bend testing. The crack initiated at the 
T = 1100°C 





isothermal solidification zone/athermal solidification zone interface. The crack coalesced with 
the large void and followed along the grain boundaries. It can be observed a small amount of slip 
bands that formed within the brazement and a larger amount of slip bands in the René 108 base 





Figure 4.56 Light optical micrographs of 60 wt.% BNi-5 brazed following schedule 2. 
 
4.7.2.2 Effects of the “Diffusion Hold” 
 The BNi-5 braze alloys exhibit type 2 and type 3 crack propagation paths. For BNi-5 
alloys that exhibited a eutectic constituent film near the edge of the joint, the crack propagated 
along the eutectic constituent/ matrix grain interface, which is type 2. The cracks would 
propagate to coalesce with voids and larger voids would cause the crack to propagate towards the 
void which is a type 3 crack propagation. For most braze alloys, the crack propagation path was 
unchanged. The crack initiated close to edge of the brazement near the isothermal solidification 
A 
B 
t = 10 min 
t = 10 min 
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zone/ athermal solidification zone interface. However, if the grain size distribution was 
inhomogeneous in the joint, the crack followed a more torturous path due to the grain boundary 
locations as shown in Figure 4.57. The dashed yellow line demonstrates the crack propagation 
path which followed the grain boundaries. 
 
  
Figure 4.57 Light optical micrographs of 60 wt.% BNi-5 brazed following schedule 4A. 








CHAPTER 5 RESEARCH SUMMARY 
The main research objectives for this study were to (1) characterize the microstructural 
zones and phases within the brazement, (2) determine strength and angular deflection of the 
brazement through four- point bend tests, and (3) correlate the microstructural features to the 
mechanical results. 
 The first objective of the research was to characterize the phases within the braze joints. 
The BNi-2 braze alloys contained three solidification zones: (1) diffusion affected zone, (2) 
isothermal solidification zone, and (3) athermal solidification zone. The diffusion affected zone 
contained intermetallics that formed within the base metal René 108. These intermetallics 
formed due to the diffusion of BNi-2 elements into René 108. The isothermal solidification zone 
contained -nickel and ' precipitates near the René 108/ braze alloy interface. The athermal 
solidification zone contained matrix grains, eutectic constituent, and intermetallics. The matrix 
grains formed due to isothermal solidification of BNi-2 with MAR-M 247 acting as a nucleation 
site. Within the matrix grains are -nickel, ', and small W-rich intermetallics called the additive 
particles. The eutectic constituent consists of a brittle eutectic constituent, eutectic - ', and Cr-
rich phases. There are large W-rich intermetallics and small Ta-rich intermetallics that form near 
the matrix grain boundaries and eutectic constituent. 
 The BNi-5 braze alloys contained two solidification zones: (1) isothermal solidification 
zone and (2) athermal solidification zone. The lack of the diffusion affected zone suggests that 
the precipitates in the BNi-2 alloys are caused by the diffusion of boron. The presence of an 
isothermal solidification zone, however, suggests that there was diffusion of melting point 
depressants into René 108 to promote isothermal solidification. The isothermal solidification 
zone contained -nickel and ' precipitates near the René 108/ braze alloy interface. The athermal 
solidification zone contains the matrix grains, a nickel silicide, and W-rich intermetallics. The 
matrix grains are -nickel with ' precipitates. The additive particles did not form within the 
matrix grains suggesting that the diffusion of boron affected the additive particle interaction zone 
to form. The nickel silicide and W-rich intermetallics form within the matrix grain boundaries. 
 
 The second objective was to determine the effects of the brazing cycle on process 
parameters on the mechanical properties. The microhardness of the BNi-2 braze alloys that had 
been subjected to the “brazing hold” experiments showed the eutectic constituent with 597 HVN 
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which is higher than the microhardness of the matrix grains of 420 HVN. The higher strengths of 
the eutectic constituent suggest that it is more brittle. Changing the “diffusion hold” temperature 
and time had no effect on the microhardness of the BNi-2 braze alloys.   
 The “brazing hold” experiments for both BNi-2 and BNi-5 braze alloys exhibited cracks 
near the edges of the joint. For BNi-2 braze alloys a continuous eutectic film formed near the 
isothermal solidification zone. The continuous eutectic film caused the crack to follow a straight 
path through the continuous eutectic film following type 1 and type 2 cracking behavior. 
Changing the “diffusion hold” parameters caused grains to nucleate off the isothermal 
solidification zone. The nucleated grains caused the eutectic to change in morphology. 
Therefore, the continuous eutectic film shifted away from the edge, causing the crack location to 
shift closer to the center of the joint and follow a more torturous crack propagation path, also 
according to type 1 and type 2 behavior. 
 The BNi-5 braze alloys rarely formed a eutectic film, so the crack would follow the grain 
boundaries near the edge of the joint. Therefore, BNi-5 alloys mostly exhibited type 2 and type 3 
crack behavior. The “brazing hold” experiments formed small uniform grain sizes and the crack 
propagation path was relatively straight near the edges of the joint. However, changing the 
“diffusion hold” parameters caused the grains to grow in size leading to a distribution of small 
grains and large grains. The variation in grain size caused the crack to follow a more torturous 
path. However, the location of the crack still propagated near the edge of the joint.  
 For the BNi-5 braze alloys, the microhardness of the matrix grains is higher than that of 
the BNi-2 alloys. BNi-5 had an average microhardness around 450 HVN while BNi-2 had an 
average microhardness around 420 HVN, suggesting that BNi-5 would exhibit higher bend 
strength than BNi-β. The “brazing hold” did not change the hardness of the BNi-5 braze alloys. 
However, changing the “diffusion hold” parameters changed the average hardness of the BNi-5 
braze joints. A “diffusion hold” of 1100°C held for β hours produced an average hardness 
between 475 and 500 HVN. By increasing the temperature or time, the average hardness 
decreased between 450 and 475 HVN. Therefore, increasing the time or temperature would 
decrease the joint strength. 
 The effects of the brazing cycle on the bend properties were observed. For both BNi-2 
and BNi-η braze alloys, increasing the “brazing hold” temperature increased the bend strength. 
However, changing the diffusion hold parameters had a different effect for the BNi-2 alloys than 
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the BNi-η alloys. In general, increasing the “diffusion hold” temperature and time increased the 
bend strength. However, for the BNi-5 braze alloys, bend strength was increased by decreasing 
the “diffusion hold” temperature and time. This behavior was predicted by the microhardness 
measurements because there was a decrease in hardness with increasing temperature and time. 
 The third objective of the project was to characterize the features that contribute to the 
mechanical properties. For the BNi-2 braze alloys, two phases were dominant, the matrix and 
eutectic constituent. The “brazing hold” experiments showed that changing the mixing ratio 
between BNi-2 filler metal and MAR-M 247 promoted different amounts of the matrix and 
eutectic. Fifty weight percent BNi-2 produced the most amount of eutectic and the lowest bend 
strength. Forty and sixty weight percent BNi-2 had lower amounts of eutectic and produced 
stronger bend strengths. The “brazing hold” experiments for BNi-5 braze alloys showed that 
voids were detrimental to the joint properties. By increasing the BNi-5 content and increasing the 
brazing temperature, the amount of voids decreased. The decrease in voids increased the bend 
strength. The voids formed due to entrapped gases from the binder and solidification shrinkage. 
The voids also caused type 3 crack behavior, i.e. cracks would propagate close to the defects and 
coalesce with those defects. 
 BNi-2 braze alloys are better served for deep, narrow gaps due to the good wetting 
characteristics that BNi-2 exhibits. The capillary action of BNi-2 will help the filler metal to fill 
narrow gaps. However, 50 wt.% BNi-2 formed the largest volume fraction of the eutectic 
constituent which exhibited the lowest strengths and should be avoided. Forty weight percent 
BNi-2 exhibited relatively larger strengths (most likely due to the increase in strengthening 
elements from MAR-M). However, 60 wt.% BNi-2 exhibited competitive strengths and better 
wetting characteristics. The variation in overall brazing characteristics means that a braze alloy 
selection should be made based on the crack geometry and location. 
 BNi-5 braze alloys exhibited higher strengths than the BNi-2 alloys. However, the 
presence of voids is a major issue due to the lack of wettability and flowability of the BNi-5 
braze alloys. However, BNi-5 can still be applied for repairs under the right conditions. BNi-5 is 
not recommended for narrow gaps applications with additive high melting temperature powder 
because the mixture lacks the wettability to fill the crack. Instead, BNi-5 alloys could be applied 
to shallow cracks. A shallow crack implies that entrapped gases have a shorter distance to 
escape. The composition of BNi-5 could be enhanced to include a small amount of boron to 
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increase the fluidity of BNi-5. Compositional changes of BNi-5 to reduce the amount of voids 






CHAPTER 6 FUTURE WORK 
Wide gap brazing using a two metal powder composite filler system is a complicated process 
due to the interaction between the two alloys. As the two metal powders have different melting 
temperatures, the solid/liquid interaction of the two powders contribute to the microstructural 
variations along the length of the brazement. The ratio between the two powders and the brazing 
cycle parameters affect the microstructural development and mechanical properties such as 
hardness, strength, and ductility. The following paragraphs discuss possible research topics that 
can expand on the findings of this research and previous studies. 
 Study the solid/liquid interaction during solidification. This study will help to understand 
the solidification behavior of the brazement and investigate the effect of alloying element 
(from the liquid filler metal and MAR-M 247 powder) on the variation in microstructure 
along the braze joint that could attribute to. This research showed two W-rich intermetallic 
compounds formed in different locations. The smaller intermetallic compound formed within 
the matrix grains as the additive particles. The larger intermetallic compounds formed near 
the grain boundaries. This partition suggests that during solidification some of the MAR-M 
247 particles are rejected into the liquid instead of being engulfed by the isothermal 
solidification front. 
 Relate the wide braze gap microstructure with its mechanical properties. In-depth 
characterization of the wide gap braze microstructure will be conducted using TEM. This 
research showed that LOM and SEM did not have the resolution to determine what phases 
were present. Literature data and Thermo-Calc calculations provided indications of the 
potential phases, but using a higher resolution technique such as TEM would allow for the 
verification of the actual phases formed. For example, in this work, small white precipitates 
were observed in the SEM micrographs of ', but the resolution was not high enough to 
determine the type and composition of those precipitates. In addition to the chemical nature 
of the precipitates, their morphology and size distribution throughout the joint will also be 
characterized. This research concluded that volume fraction is not the only contribution to the 
strength of a wide gap braze.  
 Understand the effects of different hold cycles in the brazing process on elemental 
diffusion on phase formation. The brazing cycle interruption experiments in this research 
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demonstrated that between the “brazing hold” and “diffusion hold” there was precipitation 
and grain growth. Alloying elements diffusion and partition between the phases is not 
entirely clarified. The effects of temperature and time on the distribution of these elements 
need to be carefully investigated. If the elemental diffusion between the filler metal and 
MAR-M 247 powder was better understood, the brazing cycle parameters can be designed to 
optimize the microstructure.  
 Correlate microstructural features to mechanical properties. This research focused on 
the strength of the braze as a function of the volume fractions of the different phases. 
However, the experimental data indicates that there are other factors such as phase 
distribution, both spatial and size, and morphology that also affect strength. MatLab is a tool 
that can determine the distribution of phases on both the transverse and longitudinal cross 
sections of the brazement.  
 Study the effects of the crack geometry on the braze alloys. One crack geometry was 
studied which was a square groove. By changing the crack geometry to vary in width, the 
capillary flow and wetting characteristics will further to understand the applications of the 
various mix ratios and compositions. Sharp 90° angles were used in the current study which 
are hard to fill. If the angle would widen to an obtuse angle with rounded edges, this 
geometry might help to mitigate the lack of fusion and voids.  
 Study the effects of isothermal solidification for BNi-2 and BNi-5 braze alloys. The 
conditions within the study were not sufficient to achieve full isothermal solidification for the 
BNi-2 braze alloys due to the presence of the eutectic constituent. The BNi-5 alloys are 
athermally solidified to a two phase region before isothermal solidification can be completed. 
The processing parameters should be performed at different parameters to meet the same 
superheat; meaning that the diffusion hold should be held at a higher temperature for the 
BNi-5 alloys so that the BNi-5 alloys are held with similar conditions (the same superheat) to 
compare to the BNi-2 braze alloys. The temperature should vary between the solidus and 
above the liquidus temperature of the braze alloys and the time should vary between 10 
minutes and at least five hours. 
 Understand the voids that develop within the BNi-5 braze alloys. This study tried to 
mitigate the voids that occurred within the BNi-5 braze alloys by reducing or eliminating the 
binder, use ethyl alcohol as a binder, or no binder when applied to the joint. Under any of 
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these conditions, the BNi-5 braze alloys contained a significant amount of voids that would 
make BNi-5 an unreliable filler metal. Understanding how voids and other defects develop 
will help to understand how to remove defects from future repairs. 
 Study the effects of elevated temperature on 4-point bend testing. The braze alloys 
exhibited peculiar behavior in this research. The samples became more brittle at elevated 
temperatures and the data exhibited greater statistical variance. A more in depth study of the 
mechanical behavior is necessary to determine how these joints will perform at the operating 
conditions and environments. The grips used for the elevated temperature testing might not 
be rigid enough and a more rigid 4-point bend grip might need to be designed.  
 Study low cycle fatigue behavior of the braze alloys at room temperature and elevated 
temperature. To date, there has not been a fatigue study on these braze alloys which would 
help to understand the performance and life span of a braze repaired components in a turbine. 
The study should examine various environments to understand the effects of temperature on 






[1] M. Schwartz, Brazing, 2nd Editio. Materials Park: ASM International, 2003. 
[2] R. C. Reed, The Superalloys - Fundamentals and Applications. New York: Cambridge 
University Press, 2006. 
[3] M. Durand-Charre, The Microstructure of Superalloys. CRC Press, 1997. 
[4] R. Bowman, “Superalloys: A Primer and History,” in The Minerals, Metals, and Materials 
Society, 2000. 
[5] T. M. Pollock, N. Rene, N. Rene, and N. Rene, “Nickel-Based Superalloys for Advanced 
Turbine Engines : Chemistry , Microstructure , and Properties,” vol. ββ, no. β, β00θ. 
[6] C. Y. Wang and C. Beckermann, “Equiaxed Dendritic Solidification with Convection Part 
I . Multiscale / Multiphase Modeling.” 
[7] A. M. Ritter and M. F. Henry, “Precipitation in an as-atomized nickel-based superalloy 
powder,” J. Mater. Sci., vol. 17, pp. 73–80, 1982. 
[8] M. S. Kirsch, “The Effect of Low Angle Boundary Misorientation on Creep Deformation 
in the Super Alloy CMβ47LC,” Colorado School of Mines, β014. 
[9] D. Raynor and J. M. Silcock, “Strengthening Mechanisms in ′ Precipitating Alloys,” Met. 
Sci., vol. 4, no. 1, pp. 121–130, 1970. 
[10] C. T. Sims, “A History of Superalloy Metallurgy for Superalloy Metallurgists,” pp. γ99–
419. 
[11] J. N. DuPont, J. C. Lippold, and S. D. Kiser, Welding Metallurgy and Weldability of 
Nickel-Base Alloys. New Jersey: John Wiley & Sons, Inc., 2009. 
[12] M. C. Chaturvedi and Y. Han, “Strengthening mechanisms in Inconel 718 superalloy,” 
Met. Sci., vol. 17, no. March, pp. 145–149, 1983. 
[13] G. N. Maniar and J. E. Bridge, “Effect of gamma-gamma prime mismatch, volume 
fraction gamma prime, and gamma prime morphology on elevated temperature properties 
of Ni, β0 Cr, η.η Mo, Ti, Al alloys,” Metall. Trans., vol. 2, no. 1, pp. 95–102, 1971. 
[14] D. P. Pope and S. S. Ezz, “Mechanical properties of Ni γ AI and nickel-base alloys with 
high volume fraction of,” vol. β9, no. γ, 1984. 
[15] R. W. Kozar, A. Suzuki, W. W. Milligan, J. J. Schirra, M. F. Savage, and T. M. Pollock, 
“Strengthening mechanisms in polycrystalline multimodal nickel-base superalloys,” 
Metall. Mater. Trans. A Phys. Metall. Mater. Sci., vol. 40, no. 7, pp. 1588–1603, 2009. 
 146 
 
[16] G. K. Bouse, J. C. Schaeffer, M. F. Henry, and G. E. Company, “OPTIMIZING SC RENÉ 
N4 ALLOY FOR DS AFT-STAGE BUCKET APPLICATIONS IN INDUSTRIAL GAS 
TURBINES,” pp. 99–108, 2008. 
[17] C. S. Lin, “Solidification morphology and semisolid deformation in the superalloy Rene 
108 Part III Equiaxecl solidified microstructures,” vol. β9, 1994. 
[18] M. R. Khajavi and M. H. Shariat, “Failure of first stage gas turbine blades,” vol. 11, pp. 
589–597, 2004. 
[19] N. Eliaz, G. Shemesh, and R. M. Latanision, “Hot corrosion in gas turbine components,” 
vol. 9, pp. 31–43, 2002. 
[20] J. H. G. Mattheij, “Role of brazing in repair of superalloy components advantages and 
limitations,” vol. 1, no. August, pp. θ08–612, 1985. 
[21] M. Pouranvari, A. Ekrami, and A. H. Kokabi, “Microstructure development during 
transient liquid phase bonding of GTD-111 nickel-based superalloy,” J. Alloys Compd., 
vol. 461, no. 1–2, pp. 641–647, 2008. 
[22] X. Huang and W. Miglietti, “Wide Gap Braze Repair of Gas Turbine Blades and Vanes—
A Review,” J. Eng. Gas Turbines Power, vol. 134, no. 1, p. 010801, 2012. 
[23] J. D. Liu, T. Jin, N. R. Zhao, Z. H. Wang, X. F. Sun, H. R. Guan, and Z. Q. Hu, “Effect of 
transient liquid phase (TLP) bonding on the ductility of a Ni-base single crystal superalloy 
in a stress rupture test,” Mater. Charact., vol. 59, no. 1, pp. 68–73, Jan. 2008. 
[24] D. S. Duvall, W. A. Owczarski, and D. F. Paulonis, “TLP Bonding--A New Method.” 
Welding Journal, Chicago, pp. 203–214, 1973. 
[25] M. B. Henderson, D. Arrell, R. Larsson, M. Heobel, and G. Marchant, “Nickel based 
superalloy welding practices for industrial gas turbine applications,” vol. 9, no. 1, pp. 13–
22, 2004. 
[26] O. A. Ojo and M. C. Chaturvedi, “On the role of liquated ’ precipitates in weld heat 
affected zone microfissuring of a nickel-based superalloy,” vol. 40γ, pp. 77–86, 2005. 
[27] M. a. Arafin, M. Medraj, D. P. Turner, and P. Bocher, “Transient liquid phase bonding of 
Inconel 718 and Inconel 625 with BNi-β: Modeling and experimental investigations,” 
Mater. Sci. Eng. A, vol. 447, no. 1–2, pp. 125–133, Feb. 2007. 
[28] X. Wu, R. S. Chandel, and H. Li, “Evaluation of transient liquid phase bonding between 
nickel-based superalloys,” vol. θ, pp. 1ηγ9–1546, 2001. 
[29] K. Tokoro, N. P. Wikstrom, O. a. Ojo, and M. C. Chaturvedi, “Variation in diffusion-
induced solidification rate of liquated Ni–Cr–B insert during TLP bonding of Waspaloy 
superalloy,” Mater. Sci. Eng. A, vol. 477, no. 1–2, pp. 311–318, Mar. 2008. 
 147 
 
[30] L. I. U. Qing-cai, “Weldability and Microstructure of Nickel-Silicon Based Alloys,” β00θ. 
[31] D. M. Jacobson and G. Humpston, Principles of Brazing. Materials Park: ASM 
International, 2005. 
[32] W. D. MacDonald and T. W. Eagar, “Transient Liquid Phase Bonding,” Annu. Rev. 
Mater. Sci., vol. 22, no. 1, pp. 23–46, Aug. 1992. 
[33] I. Tuah-Poku, M. Dollar, and T. B. Massalski, “A Study of the Transient Liquid Phase 
Bonding Process Applied to a Ag/Cu/Ag Sandwich Joint,” vol. 19, no. March, pp. θ7η–
686, 1988. 
[34] W. F. Gale and D. a. Butts, “Transient liquid phase bonding,” Sci. Technol. Weld. Join., 
vol. 9, no. 4, pp. 283–300, Aug. 2004. 
[35] X. Wu, R. . Chandel, H. Li, H. . Seow, and S. Wu, “Induction brazing of Inconel 718 to 
Inconel X-750 using Ni–Cr–Si–B amorphous foil,” J. Mater. Process. Technol., vol. 104, 
no. 1–2, pp. 34–43, Aug. 2000. 
[36] J. E. Ramirez and S. Liu, “Diffusion Brazing in the Nickel-Boron System,” no. October, 
pp. 365–376, 1992. 
[37] X. P. Zhang and Y. W. Shi, “A dissolution model of base metal in liquid brazing filler 
metal during high temperature brazing,” Scr. Mater., vol. 50, no. 7, pp. 1003–1006, 2004. 
[38] M. a. Arafin, M. Medraj, D. P. Turner, and P. Bocher, “Effect of alloying elements on the 
isothermal solidification during TLP bonding of SS 410 and SS 321 using a BNi-2 
interlayer,” Mater. Chem. Phys., vol. 106, no. 1, pp. 109–119, Nov. 2007. 
[39] M. Pouranvari,  a. Ekrami, and  a. H. Kokabi, “TLP bonding of cast IN718 nickel based 
superalloy: Process–microstructure–strength characteristics,” Mater. Sci. Eng. A, vol. 568, 
pp. 76–82, Apr. 2013. 
[40] R. K. Saha and T. I. Khan, “Microstructural developments in TLP bonds using thin 
interlayers based on Ni–B coatings,” Mater. Charact., vol. 60, no. 9, pp. 1001– 007, Sep. 
2009. 
[41] P. Heinz, A. Volek, R. F. Singer, M. Dinkel, F. Pyczak, M. Göken, M. Ott, E. Affeldt, and 
A. Vossberg, “Diffusion Brazing of Single Crystalline Nickel Base Superalloys Using 
Boron Free Nickel Base Braze Alloys,” Defect Diffus. Forum, vol. 273–276, pp. 294–299, 
2008. 
[42] M. Alkan and M. Engineering, “DEVELOPMENT OF NICKEL BORON ALLOYS FOR 
BRAZING,” pp. γθη–368, 2013. 
[43] H. Chen, J.-M. Gong, S.-T. Tu, and W.-C. Jiang, “Diffusion-Based Analytical Modeling 
of Brazing Stainless Steel with BNi-β,” J. Comput. Theor. Nanosci., vol. 5, no. 8, pp. 
1746–1752, Aug. 2008. 
 148 
 
[44] T. Lin, H. Li, P. He, X. Yang, Y. Huang, L. Li, and L. Han, “Effect of bonding parameters 
on microstructures and properties during TLP bonding of Ni-based super alloy,” Trans. 
Nonferrous Met. Soc. China, vol. 22, no. 9, pp. 2112– 117, Sep. 2012. 
[45] M. Pouranvari,  a. Ekrami, and  a. H. Kokabi, “Effect of bonding temperature on 
microstructure development during TLP bonding of a nickel base superalloy,” J. Alloys 
Compd., vol. 469, no. 1–2, pp. 270–275, Feb. 2009. 
[46] C. Y. Su, W. C. Lih, C. P. Chou, and H. C. Tsai, “Activated diffusion brazed repair for 
IN7γ8 hot section components of gas turbines,” J. Mater. Process. Technol., vol. 115, no. 
3, pp. 326–332, 2001. 
[47] Y. H. Kim, K. T. Kim, and I. H. Kim, “Effect of mixing ratio on mechanical properties of 
wide-gap brazed ni-based superalloy with NI-Si-B Alloy powder,” Key Eng. Mater., vol. 
306–308, pp. 935–940, 2006. 
[48] L. C. Lim, W. Y. Lee, and M. O. Lai, “Nickel base wide gap brazing with preplacement 
technique Part 1 - Effect of material and process parameters on formation of macrovoids,” 
Mater. Sci. Technol., vol. 11, no. 10, pp. 1041– 045, 1995. 
[49] E. Lugscheider, T. Schittny, and E. Halmoy, “Metallurgical Aspects of Additive-Aided 
Wide-Clearance Brazing with Nickel-Based Filler Metals,” Weld. Res. Suppl., 1989. 
[50] L. S. . Heikinheimo, A. Laukkanen, and J. Veivo, “Joint Characterisation for Repair 
Brazing of Superalloys,” Weld. World, vol. 49, pp. 5–12, 2005. 
[51] E. Lugscheider, O. Knotek, and K. Klohn, “Melting Behaviour of Nickel-Chromium-
Silicon Alloys,” Thermochim. Acta, vol. 29, pp. 323–326, 1979. 
[52] B. Y. G. S. Hoppin and T. F. Berry, “Activated Diffusion Bonding A new joining process 
produces high strength joints,” Weld. Res. Suppl., pp. 505–509, 1970. 
[53] Y. H. Kim, I. H. Kim, and C. S. Kim, “Effect of Process Variables on Microstructure and 
Mechanical Properties of Wide-Gap Brazed IN7γ8 Superalloy,” Key Eng. Mater., vol. 
297–300, pp. 2876–2882, 2005. 
[54] Y. H. Kim and S. I. Kwun, “Changes in Mechanical Properties of the Wide-Gap Region 
Brazed with Various Brazing Temperatures and Times,” Mater. Sci. Forum, vol. 486–487, 
pp. 113–116, 2005. 
[55] S. Milenkovic, I. Sabirov, and J. LLorca, “Effect of the cooling rate on microstructure and 
hardness of MAR-M247 Ni-based superalloy,” Mater. Lett., vol. 73, pp. 216–219, Apr. 
2012. 
[56] W. Miglietti and M. Du Toit, “High Strength, Ductile Braze Repairs for Stationary Gas 




[57] M. Du Toit and W. Miglietti, “High Strength , Ductile Braze Repairs for Stationary Gas 
Turbine Components — Part II,” vol. 1γβ, no. August β010, pp. 1–10, 2014. 
[58] B. Jahnke and J. Demny, “Microstructural investigations of a nickel-based repair coating 
processed by liquid phase diffusion sintering,” Thin Solid Films, vol. 110, no. 3, pp. 225–
235, Dec. 1983. 
[59] J. Ruiz-Vargas, N. Siredey-Schwaller, N. Gey, P. Bocher, and  a. Hazotte, “Microstructure 
development during isothermal brazing of Ni/BNi-2 couples,” J. Mater. Process. 
Technol., vol. 213, no. 1, pp. 20–29, Jan. 2013. 
[60] S. D. Nelson and S. D. Nelson, “Multiphase Wide Gap Braze Alloys for the Repair of 
Nickel - base Superalloy Turbine Components : Development and Characterization.” 
[61] B. Grushko and B. Z. Weiss, “Structure of Vacuum Brazed BNi-η Joint of Inconel 718,” 
Metall. Trans. A, vol. 15, no. April, pp. 609–620, 1984. 
[62] S. K. Tung, L. C. Lim, and M. O. Lai, “SOlLIDIFICATION PHENOMENA IN NICKEL 
BASE BRAZES CONTAINING BORON AND SILICON,” vol. 34, no. 5, pp. 163–169, 
1996. 
[63] T. Zhai, Y. G. Xu, J. W. Martin, A. J. Wilkinson, and G. A. D. Briggs, “A self-aligning 
four-point bend testing rig and sample geometry effect in four-p int bend fatigue,” 
Elsevier Sci. Ltd., 1999. 
[64] “Standard Test Method for Flexural Properties of Unreinforced and Reinforced Plastics 
and Electrical Insulating Materials by Four-Point Bending 1,” pp. 1–9, 2014. 
[65] C. J. Mcmahon and L. F. Coffin, “Mechanisms of Damage and Fracture in of a Cast 
Nickel-Based Superalloy,” Metall. Trans., vol. 1, no. December, pp. 3443–3450, 1970. 
[66] J. S. Benjamin and M. J. Bomford, “Dispersion strengthened aluminum made by 
mechanical alloying,” Metall. Trans. A, vol. 8A, no. October, pp. 1301– 305, 1977. 
[67] T. P. Gabb, J. Gayda, and R. V. Miner, “Orientation and temperature dependence of some 
mechanical properties of the single-crystal nickel-base superalloy René N4: Part II. Low 
cycle fatigue behavior,” Metall. Trans. A, vol. 17, no. 3, pp. 497–505, 1986. 
[68] R. A. MacKay and L. J. Ebert, “The Development of - ’ Lamellar Structures in a Nickel-
Base Superalloy during Elevated Temperature Mechanical Testing.,” Metall. Trans. A, 
vol. 16, no. November, pp. 1969–1982, 2005. 
[69] H. W. Sutton, M. A. Orteu, J.-J. Schreier, Image Correlation for Shape, Motion and 
Deformation Measurements. . 
[70] S. T. Method, “Standard Test Method for Flexural Strength of Advanced Ceramics at 
Ambient,” pp. 1–19, 2014. 
 150 
 
[71] A. Cγ.βM/C.γβ, “Standard Method for Evaluating the Strength of Brazed Joints,” Am. 





Table A.1 Furnace set points for the “brazing hold” experiments. 
Set Point 1200°C Brazing Cycle 1232°C Brazing Cycle Units 
t1 10 10 min 
sp1 200 200 °C 
t2 60 60 min 
sp2 200 200 °C 
t3 31 31 min 
sp3 583 583 °C 
t4 30 30 min 
sp4 583 583 °C 
t5 23 23 min 
sp5 900 924 °C 
t6 26 26 min 
sp6 900 924 °C 
t7 21 22 min 
sp7 1200 1232 °C 
t8 10 10 min 
sp8 1200 1232 °C 
t9 65 67 min 
sp9 1020 1047 °C 
t10 5 5 min 
sp10 1020 1047 °C 
t11 4 4 min 
sp11 1080 1109 °C 
t12 120 120 min 
sp12 1080 1109 °C 
t13 12 12 min 
sp13 583 583 °C 
t14 21 21 min 
sp14 871 871 °C 
t15 240 240 min 
sp15 871 871 °C 
t16 30 30 min 





Table A.2 Furnace set points for the “diffusion hold” experiments. 
Set Point 1100°C, 2Hrs 1121°C, Hrs 1100°C, 4Hrs 1121°C, 4Hrs Units 
t1 10 10 10 10 min 
sp1 200 200 200 200 °C 
t2 60 60 60 60 min 
sp2 200 200 200 200 °C 
t3 31 31 31 31 min 
sp3 583 583 583 583 °C 
t4 30 30 30 30 min 
sp4 583 583 583 583 °C 
t5 23 23 23 23 min 
sp5 900 900 900 900 °C 
t6 26 26 26 26 min 
sp6 900 900 900 900 °C 
t7 23 23 23 23 min 
sp7 1232 1232 1232 1232 °C 
t8 10 10 10 10 min 
sp8 1232 1232 1232 1232 °C 
t9 60 50 60 50 min 
sp9 1100 1121 1100 1121 °C 
t10 120 120 240 240 min 
sp10 1100 1121 1100 1121 °C 
t11 60 63 60 63 min 
sp11 583 583 583 583 °C 
t12 5 5 5 5 min 
sp12 583 583 583 583 °C 
t13 21 21 21 21 min 
sp13 871 871 871 871 °C 
t14 240 240 240 240 min 
sp14 871 871 871 871 °C 
t15 30 30 30 30 min 
sp15 20 20 20 20 °C 
 
